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INTRODUCTION
The i n f i l t r a t i o n  o f  w a te r  i n t o  s o i l  has been s t u d i e d  f o r  more 
t h a n  50 y e a r s .  Much o f  t h e  e f f o r t  has  c o n c e n t r a t e d  on o b t a i n i n g  
i n f i l t r a t i o n  r a t e  m easu rem en ts  f o r  d i f f e r e n t  s o i l s  and on d e v e lo p in g  
e q u a t i o n s  w hich d e s c r i b e  th e  r e s u l t i n g  d a t a .  A p o r t i o n  o f  th e  
i n f i l t r a t i o n  l i t e r a t u r e  has d e a l t  w i th  th e  l a r g e  a f f e c t  t h a t  th e  d ev e­
lopm en t of a  s u r f a c e  s e a l  has had on th e  r e s u l t i n g  i n f i l t r a t i o n  
m easu rem en t of a s o i l .  T h is  s u r f a c e  s e a l  may be more s i g n i f i c a n t  in  
d e t e r m in i n g  th e  i n f i l t r a t i o n  c h a r a c t e r i s t i c s  of a s o i l  th a n  any o t h e r  
s i n g l e  o r  p e rh a p s  c o m b in a t io n  o f  f a c t o r s .
S u r f a c e  s e a l  d ev e lo p m e n t  has  been l i n k e d  to  b o th  r a i n f a l l  e n e rg y  
and i n t e n s i t y  as  w e l l  a s  s o i l  a g g r e g a t e  s t a b i l i t y .  However, quan­
t i t a t i v e  r e l a t i o n s h i p s  b e tw een  t h e s e  p a r a m e te r s  have  n o t  been r e p o r t e d  
i n  th e  l i t e r a t u r e .  T h e r e f o r e ,  t h i s  s t u d y  was e s t a b l i s h e d  to  i n v e s t i ­
g a t e  th e  r e l a t i o n s h i p  be tw een  r a i n f a l l  k i n e t i c  e n e rg y  and i n f i l t r a t i o n  
i n t o  a  b a r e  s o i l  s u r f a c e  and to  s t u d y  th e  d ev e lo p m e n t  o f  a s u r f a c e  s e a l  
d u r i n g  th e  a p p l i c a t i o n  o f  th e  r a i n f a l l  w i th  d i f f e r e n t  i n t e n s i t i e s .
The o b j e c t i v e s  o f  t h i s  s t u d y  w e re :
1) To d e s c r i b e  th e  e f f e c t s  o f  r a i n f a l l  k i n e t i c  e n e rg y  l e v e l  on 
i n f i l t r a t i o n .
2 ) To d e t e r m in e  th e  e f f e c t s  o f  r a i n f a l l  e n e rg y  on th e  t im e  to  r u n o f f  
and  t im e  to  i n f i l t r a t e  50 mm of w a t e r .
3 )  To m easure  th e  e f f e c t  o f  r a i n f a l l  i n t e n s i t i e s  on th e  r a t e  o f  s e a l  
d e v e lo p m e n t  and th e  f i n a l  i n f i l t r a t i o n  r a t e .
A) To I n v e s t i g a t e  th e  e f f e c t  o f  s to p p i n g  p e r i o d s  on th e  i n f i l t r a t i o n  
r a t e .
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5 )  To a n a ly z e  th e  f i e l d  d a t a  by a  t h e o r e t i c a l  a p p ro a c h  u s in g  a  m o d i f ie d  
Green-Ampt model and to  d e t e r m in e  t h e  r a i n f a l l  s e a l i n g  e n e rg y .
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3
REVIEW OF LITERATURE
I n f i l t r a t i o n  a s  i n f l u e n c e d  by a  s u r f a c e  s e a l  d ev e lo p m e n t
The e f f e c t s  o f  r a i n d r o p  im p ac t  on th e  i n f i l t r a t i o n  p r o c e s s  was 
s t u d i e d  by Duley ( 1 3 3 9 )  and by E l l i s o n  ( 1 9 4 7 ) .  They showed t h a t  th e  
r a i n d r o p s  d e s t r o y  th e  s u r f a c e  a g g r e g a t e s  and a  s u r f a c e  s e a l  i s  g r a d u a l l y  
form ed w i th  a much lo w er  h y d r a u l i c  c o n d u c t i v i t y  th a n  th e  o r i g i n a l  s o i l  
s u r f a c e .  Duley (1 9 3 9 )  r e p o r t e d  t h a t  s u r f a c e  s e a l i n g  has a g r e a t e r  
e f f e c t  on i n f i l t r a t i o n  th a n  o t h e r  s o i l  p r o p e r t i e s  su ch  as s o i l  t e x t u r e ,  
s o i l  m o i s t u r e ,  e t c .  He p r e s e n t e d  a  co m p ar iso n  betw een  a  c o v e re d  and 
b a r e  s o i l  s u r f a c e .  He a l s o  d e m o n s t r a te d  t h a t  th e  i n f i l t r a t i o n  r a t e  
r e t u r n e d  to  i t s  o r i g i n a l  v a lu e  a f t e r  rem oving th e  s u r f a c e  s e a l  and 
c o v e r i n g  th e  s u r f a c e  w i th  b u r l a p  as  shown, i n  F ig u r e  1. E l l i s o n  (1947) 
i n d i c a t e d  in  h i s  s tu d y  t h a t  bo th  r a i n d r o p  im pac t  and s o i l  p r o p e r t i e s  
had a  s i g n i f i c a n t  e f f e c t  on th e  i n f i l t r a t i o n  r a t e  o f  a b a r e  s o i l .  He 
a l s o  m en t io n ed  t h a t  to  i n c r e a s e  th e  i n f i l t r a t i o n  c a p a c i t y  o f  a b a re  
s o i l  one must a c h ie v e  e i t h e r  a  r e d u c t i o n  of r a i n d r o p  im p ac t  o r  a change 
i n  s o i l  s t r u c t u r a l  p r o p e r t i e s .
M c In ty re  (1 9 5 8 a )  c a r r i e d  o u t  s t u d i e s  to  d e te r m in e  th e  m echanisms 
o f  s u r f a c e  s e a l  f o r m a t i o n .  His r e s u l t s  p roduced  th e  fo l l o w in g  
c o n c l u s i o n s :
1) Wet s o i l  a g g r e g a t e s  a r e  b ro k e n  by r a i n d r o p  im p a c t .
2 )  S u r f a c e  p o re s  a r e  c lo g g e d  by washed i n  p a r t i c l e s  and p o re  volume i s  
r e d u c e d .
3 ) The s o i l  s u r f a c e  i s  com pac ted  by r a i n d r o p  im p a c t ,  p ro d u c in g  th e  s e a l  
l a y e r .
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F ig u r e  1. E f f e c t  o f  s p r i n k l i n g  a  san d y  loam  s o i l  on i n t a k e  o f  w a te r  when s o i l  i s  p r o t e c t e d  
a s  com pared  w i t h  r a t e  when s o i l  i s  b a r e  ( a f t e r  D u ley ,  1 9 3 9 ) .
4 )  S uspended  p a r t i c l e s  o f  c l a y  o r  s i l t  may be d e p o s i t e d  on th e  s u r f a c e  
a f t e r  th e  r a i n f a l l  has  s t o p p e d .
M c In ty r e  (1 9 5 8 a )  n o t i c e d  two d i s t i n c t  l a y e r s  w i t h i n  th e  s u r f a c e
s e a l :
1) A s k i n  s e a l  (u p p e r  l a y e r )  a p p r o x im a te ly  0 .1  mm t h i c k ,  formed by com­
p a c t i o n  due to  d ro p  i m p a c t .
2) A lo w e r ,  " w a s h e d - in "  l a y e r  formed by f i n e  p a r t i c l e s  c lo g g in g  the  
p o r e s  and r e d u c in g  th e  p o r o s i t y .
M c I n ty r e  (1 9 5 8 b )  s t a t e d  t h a t  th e  r a p id  v a r i a t i o n  i n  s p l a s h  r a t e  
i n d i c a t e s  t h a t  th e  f o l l o w i n g  p ro c e s s  t a k e s  p l a c e  a t  th e  s o i l  s u r f a c e .
A) I n i t i a l l y  r a p i d  w e t t i n g  of th e  s u r f a c e  d e c r e a s e s  c o h e s io n  and 
i n c r e a s e s  s o i l  s p l a s h .
B) A f t e r  f o r m a t io n  o f  th e  s u r f a c e  s e a l  has t a k e n  p l a c e ,  s o i l  s p l a s h  i s  
r e d u c e d  b e c a u se  o f  th e  a c c u m u la t io n  o f  w a te r  on th e  s u r f a c e .
C) The p e r m e a b i l i t y  o f  th e  s o i l  s u r f a c e  th e n  i n c r e a s e s  due to  th e  remo­
v a l  o f  th e  s k i n  s e a l  ( 0 . 1  mm) by t u r b u l e n c e  o f  t h e  ponded w a te r .
E l l i s o n  and S l a t e r  (1 9 4 5 )  s t u d i e d  th e  f a c t o r s  a f f e c t i n g  s u r f a c e  
s e a l i n g  and i n f i l t r a t i o n  and i n d i c a t e d  t h a t  th e  d u r a t i o n  o f  r a i n ­
f a l l ,  th e  s o i l  c a r r i e d  by th e  r a i n d r o p  s p l a s h ,  s o i l  a g g r e g a t i o n  and 
c l a y  c o n t e n t  were th e  m a jo r  f a c t o r s  a f f e c t i n g  th e  i n f i l t r a t i o n  r a t e .
M orin  and B enyam ini (1 9 7 7 )  r e p o r t e d  t h a t  th e  a c c u m u la t io n  of 
r a i n d r o p  im p ac t  w i th  t im e  c a u s e s  an  i n c r e a s e  i n  th e  s e a l e d  a r e a  u n t i l  
t h e  s e a l  c o m p l e t e l y  c o v e r s  th e  ex p o sed  s u r f a c e .  I t  was th e  s e a l  f o r ­
m a t io n  on a b a r e  s o i l  t h a t  was th e  m a jo r  f a c t o r  a f f e c t i n g  th e  r e d u c ­
t i o n  of th e  i n f i l t r a t i o n  r a t e .
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O th e r  r e s e a r c h e r s  r e p o r t e d  t h a t  s u r f a c e  s e a l  fo r m a t io n  was 
i n f l u e n c e d  by t e x t u r e  (M a n n e r in g , 1 9 6 7 ) ;  a g g r e g a t e  s t a b i l i t y  ( A l l i s o n ,  
1 9 5 6 ) ;  o r g a n i c  m a t t e r  (Ahmad and R o b l i n ,  1 9 7 1 ) ;  t i l l a g e  p r a c t i c e s ,  c ro p  
h i s t o r y ,  and r a i n f a l l  i n t e n s i t y  (S h a rm a ,  1 9 8 0 ) .
Moore (1 9 8 1 a)  i n d i c a t e d  t h a t  th e  e f f e c t  o f  s u r f a c e  s e a l i n g  on 
t im e  to  s u r f a c e  pond ing  i s  an o r d e r  o f  m ag n i tu d e  g r e a t e r  th a n  th e  
e f f e c t  of i n i t i a l  w a te r  c o n t e n t .  Edwards (1 9 6 7 )  showed t h a t  s o i l  s u r ­
f a c e  s e a l  has g r e a t e r  e f f e c t  on th e  h y d r a u l i c  c o n d u c t i v i t y  th an  on the
s o i l  w a te r  c o n t e n t  o f th e  s o i l  p r o f i l e .
E f f e c t  o f  r a i n f a l l  k i n e t i c  e n e r g y  on i n f i l t r a t i o n  
W ischrae ier  and Sm ith  (1 9 5 8 )  s t u d i e d  th e  e f f e c t s  o f  r a i n f a l l  
k i n e t i c  e n e r g y  and i t s  i n t e r a c t i o n  w i th  o t h e r  v a r i a b l e s  on s o i l  l o s s .  
The r e s u l t s  were r e p r e s e n t e d  by a m u l t i p l e  r e g r e s s i o n  e q u a t i o n  which 
r e l a t e d  a  combined f u n c t i o n  o f  r a i n f a l l  k i n e t i c  e n e rg y  and i n t e n s i t y  to  
s o i l  l o s s .  S in c e  r u n o f f  i s  i n v e r s e l y  r e l a t e d  to  i n f i l t r a t i o n  t h e s e
same f a c t o r s  co u ld  be s i g n i f i c a n t  i n  r e d u c in g  i n f i l t r a t i o n .
M o ld en h au e r  and Long (1 9 6 4 )  i n d i c a t e d  t h a t  a  s h a r p  d e c r e a s e  in  
i n f i l t r a t i o n  r a t e  o c c u r r e d  im m e d ia te ly  a f t e r  r u n o f f  s t a r t e d .
E q u i l i b r i u m  r a t e  was r e a c h e d  s h o r t l y  a f t e r  r u n o f f  b e g a n .  They r e p o r t e d  
t h a t  th e  f i n a l  i n f i l t r a t i o n  r a t e  was c o n s t a n t  f o r  a l l  th e  s o i l s  th e y  
t e s t e d  e x c e p t  f i n e  s a n d .  They a l s o  n o t i c e d  t h a t  a c e r t a i n  amount of 
e n e r g y  was r e q u i r e d  to form a  s e a l  and i n i t i a t e  r u n o f f .  T hus ,  
i n f i l t r a b i l i t y  d e c r e a s e s  f a s t e r  w i th  a  h ig h  a p p l i c a t i o n  r a t e  th a n  w ith  
a lo w er  o n e .  M oldenhauer and Kemper (1 9 6 9 )  a p p l i e d  d i f f e r e n t  a r t i f i ­
c i a l  r a i n f a l l  k i n e t i c  e n e r g i e s  to  v a r i o u s  c lo d  s i z e s .  As th e  k i n e t i c
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e n e r g y  i n c r e a s e s  th e  i n f i l t r a t i o n  r a t e  a f t e r  r u n o f f  was d e c r e a s e d .
They m en t io n ed  i n  t h e i r  s t u d y  t h a t  th e  amount o f  k i n e t i c  en e rg y  
r e q u i r e d  to  i n i t i a t e  r u n o f f  i s  a  f u n c t i o n  o f  c lo d  s i z e  i n  th e  t i l l e d  
s o i l .  The s m a l l e r  th e  c l o d s  t h e  l e s s  e n e r g y  i s  r e q u i r e d  to  b re a k  down 
t h e  c l o d s  and th e  l e s s  w a s h e d - in  p a r t i c l e s  w i l l  be r e q u i r e d  to  re d u c e  
t h e  p o re s  to  t h e i r  f i n a l  v o lum e.
B u rw e l l  and L a r s o n  (1 9 6 9 )  found  t h a t  th e  amount of  e n e rg y  needed
t o  e s t a b l i s h  r u n o f f  was h i g h e r  on th e  ro u g h ,  p o ro u s  s u r f a c e  (p low ed 
t r e a t m e n t )  th a n  th e  o t h e r  t i l l a g e  t r e a t m e n t s  th e y  s t u d i e d .
F a l a y i  and Bouma (1 9 7 5 )  s t u d i e d  th e  e f f e c t  o f  d i f f e r e n t  s o i l  
management t r e a t m e n t s  on s e a l  f o r m a t i o n  as  ex p o sed  to  a r t i f i c i a l  r a i n ­
f a l l  and compared th e  r e s u l t s  to  t h a t  o f n a t u r a l  r a i n f a l l .  They found 
t h a t  th e  c o n d u c t i v i t y  o f  th e  s e a l  formed u n d e r  s h o r t - t i m e ,  h i g h - k i n e t i c  
e n e r g y ,  a r t i f i c i a l  r a i n f a l l  was s i m i l a r  to  th e  s e a l  formed under 
n a t u r a l  r a i n f a l l , th e  l a t e r  c h a r a c t e r i z e d  by i n t e r m i t t e n t  low k i n e t i c  
e n e r g y  r a i n f a l l  f o r  a f o u r -m o n th  p e r i o d .
I n  a  s t u d y  u s in g  s o i l  c o lu m n s ,  Thompson and Jam es  (1983) found 
t h a t  th e  amount o f  w a te r  w hich wauld i n f i l t r a t e  p r i o r  to  s u r f a c e  
p o n d in g  f o r  a  g iv e n  a p p l i c a t i o n  r a t e  i n c r e a s e d  as  t h e  k i n e t i c  e n e rg y  
p e r  u n i t  a r e a  d e c r e a s e d  f o r  a l l  a p p l i c a t i o n  r a t e s  t e s t e d .
Ragab (1 9 8 3 )  r e p o r t e d  t h a t  h i s  l a b o r a t o r y  s t u d y  on th e  i n f l u e n c e
o f  s p r i n k l e r  i n t e n s i t y  and k i n e t i c  e n e rg y  on s o i l  s u r f a c e  s e a l i n g
showed t h a t  th e  s o i l  s u r f a c e  s h o u ld  a p p ro a c h  a  c e r t a i n  s t r u c t u r a l  con­
d i t i o n  to  form s u r f a c e  s e a l i n g .  He i n d i c a t e d  t h a t  th e  volume of p o re s  
i n  th e  s e a l e d  s u r f a c e  d e c r e a s e s  as  th e  im p ac t  e n e r g y  i n c r e a s e s .
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E i g e l  and Moore (1 9 8 3 )  i n d i c a t e d  t h a t  s o i l  s u r f a c e  s e a l i n g  
a f f e c t s  th e  t im e  to  s u r f a c e  pond ing  i n  a  l a b o r a t o r y  s t u d y  u s in g  
d i s t u r b e d  s o i l  co lum ns.  They d ev e lo p e d  a  r e g r e s s i o n  e q u a t i o n  to  
d e s c r i b e  t h i s  r e l a t i o n s h i p  u s in g  k i n e t i c  e n e r g y  as  th e  c a u s a l  a g e n t  f o r  
s u r f a c e  s e a l i n g .  T h e i r  e q u a t i o n  i s :
t p  = a  -  b KE (1 )
w here  tp  i s  th e  t im e  to  p o n d in g ,  KE i s  th e  k i n e t i c  e n e rg y  
(J /m ^ .ra in ) ,  and a ,  b a r e  th e  r e g r e s s i o n  c o n s t a n t s .  T hree  l e v e l s  of 
k i n e t i c  e n e rg y  were used i n  th e  s t u d y :  z e ro  e n e rg y  ( p r o t e c t e d
s u r f a c e ) ;  17 .9  Jou les /m ^.m m  and 2 4 .5  Jo u le s /m ^ .m m . The i n t e n s i t i e s  
w ere  k e p t  c o n s t a n t  as  much as  p o s s i b l e  be tw een  6 5 -9 8  m m /hr. T h e i r  s t u ­
d i e s  a l s o  in c lu d e d  th e  e f f e c t  o f r a i n f a l l  k i n e t i c  e n e r g y  on s o i l  b u lk  
d e n s i t y  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  B u lk  d e n s i t y  was a f f e c t e d  by 
r a i n d r o p  e n e rg y  a f t e r  a g g r e g a t e  b re a k  down was c o m p le t e d .  E i g l e  and 
Moore (1 9 8 3 )  showed t h a t  two f a c t o r s  c o n t r o l  th e  t im e  to s u r f a c e  
p o n d in g ;  s o i l  s u r f a c e  s e a l i n g  and th e  p h y s i c a l  p r o p e r t i e s  of th e  s o i l .
Hudson (1981) r e p o r t e d  t h a t  most o f  th e  s t u d y  o f  k i n e t i c  e n e rg y  
came from i t s  r e l a t i o n s h i p  w i th  s o i l  e r o s i o n .  A c e r t a i n  amount of 
r a i n f a l l  e n e rg y  caused  th e  e r o s i o n  p r o c e s s  to  s t a r t .
K i n n e l l  (1981) and Hudson (1 9 6 5 )  s t u d i e d  th e  r e l a t i o n s h i p  b e t ­
ween r a i n f a l l  k i n e t i c  e n e rg y  and r a i n f a l l  i n t e n s i t y .  The t h e o r e t i c a l
e q u a t i o n  as  w r i t t e n  by K i n n e l l  (1 9 8 1 )  i s :
ERa = B ( l -K e - h P) (2 )
w here  ERa i s  k i n e t i c  e n e rg y  per  u n i t  d e p th  of r a i n f a l l ,  p i s  r a i n f a l l  
i n t e n s i t y ,  B, K and h a r e  e m p i r i c a l  c o n s t a n t s ,  and e i s  th e  exponen­
t i a l  f u n c t i o n .  T h is  e q u a t i o n  has been d e v e lo p e d  from McGregor and M u tch le r
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( 1 9 7 7 ) ' s  e q u a t i o n  f o r  use  a t  h i g h e r  i n t e n s i t i e s .
H u d s o n 's  (1 9 6 5 )  e q u a t i o n  i s :
ERa = c ( b  -  a p ~ l )  (3 )
w here  ERa i s  i n  J/m^.mm, c ,  b and a  a r e  e m p i r i c a l  c o n s t a n t s  and P i s
r a i n f a l l  i n t e n s i t y  i n  mm/hr.
W ischm eie r  and S m ith  (1 9 5 8 )  d e r iv e d  th e  f o l l o w i n g  form to 
d e s c r i b e  th e  r e l a t i o n s h i p  o f  p and ERa:
ERa = a + b lo g jQ  p (4 )
w here  a  and b a re  a n p i r i c a l  c o n s t a n t s .  T h is  e q u a t i o n  i s  used to  
d e s c r i b e  th e  p-ERa r e l a t i o n s h i p  and to  c a l c u l a t e  th e  R f a c t o r  i n  the  
u n i v e r s a l  s o i l  l o s s  e q u a t i o n  i n  th e  U n i te d  S t a t e s .
K i n n e l l  (1981) r e p o r t e d  t h a t  e q u a t i o n s  3 and  4 w ere  not a d e q u a te  
t o  a c c o u n t  f o r  th e  i-E R a r e l a t i o n s h i p .  He a t t r i b u t e d  th e  f a i l u r e  of 
t h e s e  two e q u a t i o n s  to  th e  c i r c u m s t a n c e s  u n d e r  which th e y  were d e r i v e d .  
F o r  ex am p le ,  E q u a t io n  3 was d e r iv e d  from th e  r e l a t i o n s h i p  be tw een  the  
r a t e  o f  e x p e n d i t u r e  o f  r a i n f a l l  k i n e t i c  e n e rg y  (ERR) in  u n i t s  of 
e n e r g y / a r e a . t i m e  and p ( r a i n f a l l  i n t e n s i t y ) ,  which b i a s e d  tow ard  the  
v a r i a t i o n  of ERa i n  u n i t s  e n e r g y / a r e a . d e p t h  a t  h ig h  r a i n f a l l  i n t e n ­
s i t i e s .  E q u a t io n  4 was d e r iv e d  from d r o p - s i z e  d a t a  o b t a i n e d  by Laws 
and  P a r s o n s  (1 9 4 3 )  w h ich  were o b t a i n e d  u n d er  low r a i n f a l l  i n t e n s i t y  
( 2 . 5 - 5 0 . 8  m m /hr) .  For t h i s  r e a s o n  e q u a t i o n  4 was i n a d e q u a t e  a t  h ig h  
r a i n f a l l  i n t e n s i t y  f o r  d e s c r i b i n g  th e  p-ERa r e l a t i o n s h i p .
S o i l  s u r f a c e  r e s p o n s e  to  r a i n f a l l  
A s o i l  s e a l  i s  a t h i n  d en se  s u r f a c e  l a y e r  o f  w e l l  o r i e n t e d  c l a y  
p a r t i c l e s  as d e f in e d  by many r e s e a r c h e r s .  I t  i s  a  few m i l l i m e t e r s
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t h i c k  ( 0 . 1  -  5 mm) (O n o f io k  and S i n g e r ,  1 9 8 4 ) .  The s e a l  has a  g r e a t  
e f f e c t  on s u r f a c e  i n f i l t r a t i o n ,  r u n o f f  and e r o s i o n .
C ary  and Evans (1 9 7 4 )  as m en t io n ed  by P a r k e r  (1 9 8 4 )  r e p o r t e d  
t h a t  d e c r e a s i n g  o r g a n ic  m a t t e r  c o n t e n t ,  h ig h  e x c h a n g e a b le  sodium  p e r ­
c e n ta g e  and i n c r e a s i n g  s i l t  c o n t e n t  i n c r e a s e  s o i l  s u r f a c e  s u s c e p ­
t i b i l i t y  to  s e a l i n g  as a  r e s u l t  o f  w eaken ing  a g g r e g a t e  s t a b i l i t y .
M i l l e r  and G i f f o r d  (1974) came to  s i m i l a r  c o n c l u s i o n s .
R ob inson  and Page (1950) i n d i c a t e d  t h a t  s l a k i n g  o f  a g g r e g a t e s  
c a n  be cau sed  by th e  dev e lo p m en t of h ig h  a i r  p r e s s u r e  w i t h i n  th e  a g g r e ­
g a t e s  due to  th e  c a p i l l a r y  f o r c e s  o f  w a te r  e n t e r i n g  th e  a g g r e g a t e s  on 
e n t r a p p e d  a i r .  They a l s o  s t u d i e d  th e  e f f e c t  o f  o r g a n i c  m a t t e r ,  c l a y  
m i n e r a l  t y p e ,  a g g r e g a t e  s i z e ,  and e f f e c t  o f  w e t t i n g  on s l a k i n g .
O rg a n ic  m a t t e r  a s s o c i a t e d  w i th  c l a y  p a r t i c l e s  was th e  most e f f e c t i v e  
f a c t o r  f o r  m a in t a in in g  a g g r e g a t e  s t a b i l i t y .
Edwards (1967) r e p o r t e d  t h a t  th e  h y d r a u l i c  c o n d u c t i v i t y  and 
p o r o s i t y  of th e  s o i l  s u r f a c e  was re d u ced  w h i le  b u lk  d e n s i t y  i n c r e a s e d  as 
t h e  t im e  of e x p o su re  to  r a i n f a l l  i n c r e a s e d .  He s t u d i e d  v a r io u s  p ro ­
p e r t i e s  of  s o i l  s u r f a c e s  a f t e r  e x p o s u re  to  d i f f e r e n t  r a i n f a l l  t r e a t m e n t s .
L y le s  e t  a l .  (1 9 6 9 )  s t u d i e d  th e  e f f e c t  o f  r a i n f a l l  i n t e n s i t y ,  
wind v e l o c i t y ,  and s o i l  p r o p e r t i e s  on c lo d  d i s i n t e g r a t i o n  u s in g  simu­
l a t e d  r a i n f a l l  i n  a  l a b o r a t o r y  t u n n e l - r a i n  to w er  f a c i l i t y .  They 
c o n c lu d e d  t h a t  c lo d  s i z e ,  th e  t im e  o f  e x p o s u r e ,  r a i n f a l l  i n t e n s i t y  and 
wind sp eed  were th e  most e f f e c t i v e  f a c t o r s  on c lo d  d i s i n t e g r a t i o n .
D e x te r  e t  a l .  (1 9 8 3 )  i n v e s t i g a t e d  th e  e f f e c t  o f  r a i n f a l l  on 
m a c r o s t r u c t u r e ;  t h e  r e s u l t s  showed t h a t  i n c r e a s i n g  r a i n f a l l  i n t e n s i t y  
c a u s e d  i s o l a t i o n  of th e  v o id  sp ac e  by w e ld in g  th e  a g g r e g a t e s  to  each
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o t h e r  a t  t h e i r  c o n t a c t  p o i n t s  and d e c r e a s e d  s o i l  m a c r o p o r o s i t y  and v o id  
s p a c e .  They used  m u l t i p l e  r e g r e s s i o n  e q u a t i o n s  to  d e s c r i b e  th e  r e l a ­
t i o n s h i p  of s o i l  m a c r o s t r u c t u r e  p a r a m e te r  su ch  as  (mean a g g r e g a t e  s i z e ,  
mean v o id  s i z e  and mean m a c r o p o r o s i t y )  and c u m u la t i v e  r a i n f a l l  a f t e r  
t i l l a g e  and d e p th  i n  th e  t i l l e d  s o i l  l a y e r .
C ru se  and L a r s o n  (1 9 7 7 )  r e p o r t e d  t h a t  w a te r  from r a i n d r o p s  a c t s  
b o t h  as  an e n e rg y  s o u rc e  c a u s in g  p a r t i c l e  d e t a c h m e n t ,  and as a  w e t t i n g  
s o u r c e .  They s t u d i e d  th e  r e l a t i o n s h i p  o f  s o i l  d e ta c h m e n t  by a s i n g l e  
r a i n d r o p  im p ac t  and th e  s h e a r i n g  s t r e n g t h .  They i n d i c a t e d  t h a t  as  th e  
s o i l  m a t r i c  p o t e n t i a l  d e c r e a s e d  th e  s h e a r  s t r e s s  r e q u i r e d  f o r  s o i l  
f a i l u r e  i n c r e a s e d .
The amount o f  e n e rg y  r e q u i r e d  to  b re a k  down a g g r e g a t e s  and ca u se  
s o i l  l o s s  was i n v e s t i g a t e d  by W u stam id in ,  e t  a l . ( 1 9 8 3 ) .  T h e i r  s tu d y  
showed t h a t  t h e r e  were no d i f f e r e n c e s  i n  amount o f  e n e rg y  r e q u i r e d  to
b r e a k  down a g g r e g a t e s  f o r  d i f f e r e n t  s i z e  o f  a g g r e g a t e s  of th e  same
s o i l .  But th e y  n o t i c e d  l a r g e  d i f f e r e n c e s  i n  th e  amount o f  e n e rg y  
r e q u i r e d  to  b re a k  down a g g r e g a t e s  f o r  d i f f e r e n t  s o i l s .  T h e i r  r e s u l t s  
w ere  d i f f e r e n t  from M cC alla  (1944) r e s u l t s .  M cC alla  found t h a t  th e  
am ount o f  e n e rg y  r e q u i r e d  to b re a k  down l a r g e  a g g r e g a t e s  was l e s s  th a n  
t h a t  r e q u i r e d  to  b re a k  down sm a l l  a g g r e g a t e s .
F r a n c i s  and C ruse  (1983) m easured  a g g r e g a t e  breakdown as i n d i ­
c a t e d  by s o i l  s p l a s h  as a  f u n c t i o n  o f  m e t r i c  p o t e n t i a l .  R a i s in g  s o i l
w a te r  p o t e n t i a l  from - 1 . 5  KPa to  ze ro  cau sed  a  t h r e e - f o l d  i n c r e a s e  in
s o i l  s p l a s h  i l l u s t r a t i n g  the  e f f e c t  o f  s u r f a c e  t e n s i o n  on a g g r e g a t e  
s t a b i l i t y .
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THEORY OF INFILTRATION MODELS 
The e a r l y  a n a ly s e s  d ev e lo p e d  to  d e s c r i b e  th e  i n f i l t r a t i o n  o f  
w a te r  i n t o  s o i l  were based  on th e  a s su m p t io n  o f  a  u n i fo rm  s o i l  p r o f i l e  
w i t h o u t  a  s u r f a c e  s e a l .  T h e o r e t i c a l  e q u a t io n s  were d e r iv e d  to  d e s c r i b e  
t h e  r a t e  o f  w a te r  f lo w  i n t o  th e  s o i l  p r o f i l e .  R e c e n t ly ,  th e  p a r a m e te r s  
o f  a  s o i l  s e a l  were added to  d e s c r i b e  i n f i l t r a t i o n  i n t o  t i l l e d  s o i l s .
D a r c y 's  law  i s  th e  fu n d a m e n ta l  e q u a t io n  used to  d e v e lo p  th e  
i n f i l t r a t i o n  m o d e ls .  D a r c y 's  law was o r i g i n a l l y  d ev e lo p e d  to  d e s c r i b e  
s a t u r a t e d  s o i l  w a te r  movement. I t  was l a t e r  e x te n d e d  to  d e s c r i b e  w a te r  
movement i n  u n s a t u r a t e d  porous  m ed ia .
D a r c y 's  e q u a t io n  i s :
V = -K (0) (4*) ( 4 )
dz
w here  V i s  th e  f l u x  of w a t e r ,  K(Q) i s  th e  u n s a t u r a t e d  h y d r a u l i c  conduc­
t i v i t y  o f  th e  s o i l  as  a f u n c t i o n  of w a te r  c o n t e n t ,  and d_  ̂ i s  th e
dz
h y d r a u l i c  g r a d i e n t .
The Green-Ampt e q u a t i o n  (1911) has been used and m o d i f ie d  by 
s c i e n t i s t s  to  d e s c r i b e  th e  i n f i l t r a t i o n  r a t e  th ro u g h  l a y e r e d  and s e a l e d  
s o i l  p r o f i l e s .  The Green-Ampt e q u a t i o n  can be w r i t t e n  a s :
i  = K( 1+ - ^ )  (5 )
w here  i  i s  th e  i n f i l t r a t i o n  r a t e ,  K i s  th e  h y d r a u l i c  c o n d u c t i v i t y  of 
t h e  s o i l ,  A0 i s  th e  s o i l  w a te r  c o n t e n t  d i f f e r e n c e  b e f o r e  and a f t e r  
a p p l i c a t i o n ,  I  i s  th e  amount of w a te r  i n f i l t r a t e d  i n t o  th e  s o i l ,  and fm
i s  th e  s o i l  w a te r  p o t e n t i a l  a t  th e  w e t t in g  f r o n t .  The i n t e g r a t e d  form
o f  Green-Ampt e q u a t io n  can be w r i t t e n  a s :
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I  -  Aetm l n (  1 + - ^ } = Kt ( 6 )
w here  t  i s  th e  t im e from th e  b e g in n in g  of r a i n f a l l . The Green-Ampt 
e q u a t i o n  as d e r iv e d  was b ased  upon s e v e r a l  a s su m p t io n s  i n c l u d i n g  a 
c o n s t a n t  r a i n f a l l  r a t e  a t  th e  s u r f a c e ,  a  n e g l i g i b l e  d e p th  o f  w a te r  on 
t h e  s o i l  s u r f a c e ,  a u n ifo rm  and homogenous s o i l  p r o f i l e  and w a te r  con­
t e n t ,  a c o n s t a n t  w a te r  p o t e n t i a l  a t  th e  w e t t in g  f r o n t ,  and an a b ru p t  
w e t t i n g  f r o n t .
R ic h a rd s  (1931) e q u a t io n  can be o b ta in e d  by com bin ing  D a r c y 's  
law  w i th  th e  c o n t i n u i t y  e q u a t i o n  to  d e s c r i b e  th e  w a te r  f low  th ro u g h  th e  
s o i l  p r o f i l e .  The e q u a t io n  i s :
w here 0 i s  th e  v o lu m e t r i c  w a te r  c o n t e n t ,  t  i s  t im e ,  z i s  th e  d i s t a n c e  
be low  th e  s o i l  s u r f a c e ,  K(0) i s  th e  u n s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  
and Y i s  th e  c a p i l l a r y  p r e s s u r e  o r  w a te r  p o t e n t i a l .  This  e q u a t io n  i s  a 
n o n - l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t io n  and d e s c r i b e  v e r t i c a l  s o i l -  
w a te r  movement i n  a non-homogenous u n s a t u r a t e d  s o i l  in  an u n s te a d y  
s t a t e .
Mein and L a rso n  (1 9 7 1 , 1973) deve loped  a tw o - s ta g e  model to 
d e s c r i b e  th e  i n f i l t r a t i o n  p ro c e s s  th ro u g h  a homogeneous s o i l  w i th  a 
u n i fo rm  i n i t i a l  w a te r  c o n t e n t  and under a c o n s t a n t  r a i n f a l l  c o n d i t i o n .
A p a ra m e te r  c a l l e d  ponding t im e ( t p) was used to  s e p a r a t e  th e  two s t a ­
g e s .  The f i r s t  s t a g e  d e s c r i b e d  th e  i n f i l t r a t i o n  up to  the ponding 
t i m e .  During t h i s  s t a g e  th e  r a i n f a l l  r a t e  i s  l e s s  th a n  the  i n f i l t r a ­
t i o n  c a p a c i t y  r a t e .  At th e  ponding t im e ,  th e  r a i n f a l l  r a t e  e q u a ls  th e  
i n f i l t r a t i o n  c a p a c i t y  r a t e  ( i  = P, where i  i s  th e  i n f i l t r a t i o n  r a t e ,  P
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i s  th e  r a i n f a l l  r a t e ) .  The i n f i l t r a t i o n  e q u a t io n  up to  th e  t im e  of 
p o n d in g  i s  d e s c r ib e d  by:
_ AQ¥m ( 8 )
P - 1
K
w here  Ip  i s  th e  amount o f  w a te r  i n f i l t r a t e d  a t  th e  t im e o f  ponding  and 
K i s  th e  e f f e c t i v e  h y d r a u l i c  c o n d u c t i v i t y .
For the  second s t a g e  of i n f i l t r a t i o n  Mein and L arso n  (1 9 7 1 ,
1973) used  a m o d if ied  Green-Ampt e q u a t io n  to  d e s c r i b e  i n f i l t r a t i o n
a f t e r  s u r f a c e  p o n d in g .  The i n f i l t r a t i o n  r a t e  e q u a t i o n  i s  th e  same as 
t h e  o r i g i n a l  Green-Ampt e q u a t i o n  and i s :
i  „ K( l - ^ _ )  (9 )
However th e  i n t e g r a t e d  form of th e  e q u a t io n  i s  d i f f e r e n t  and can be 
w r i t t e n  as (Mein and L a r s o n ,  1971, 1973):
I  -  AG^m l n ( l +  I  ) = K( t  -  t p  + t s )  (1 0 )
AĜ m
w here tp  i s  th e  t im e to  s u r f a c e  ponding and can be c a l c u l a t e d  a s :
t p , i £  m >
and t s i s  th e  tim e c a l c u l a t e d  from the  o r i g i n a l  Green-Ampt e q u a t io n  
when th e  i n f i l t r a t i o n  volume e q u a ls  Ip and i t  can be w r i t t e n  a s :
t s  = £  U p  -  A G ^  ln (  1 + (1 2 )
E q u a t io n  (10) i s  s i m i l a r  to  the  Green-Ampt e q u a t io n  ( e q .  6 ) ,  u t  u s e s  an
a d j u s t e d  tim e v a r i a b l e .  T h is  e q u a t io n  i s  c a l l e d  th e  Green-Ampt-M ein
and L a rso n  e q u a t io n  (GAML).
M o re l-S e y to u x  and K h a n j i  (1974) r e p o r t e d  t h a t  the  a s s u m p t io n  of 
an  a b ru p t  w e t t i n g  f r o n t  f o r  the  Green-Ampt e q u a t i o n ,  s e p a r a t i n g  the
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15
s a t u r a t e d  from the  u n s a t u r a t e d  a r e a ,  co u ld  le a d  to  a  l a r g e  e r r o r  
(10-70%) in  th e  r e s u l t i n g  c a l c u l a t i o n .  They m o d if ied  th e  Green-Ampt 
e q u a t i o n  to  ac c o u n t  f o r  v i s c o u s  r e s i s t a n c e  caused  by a i r  movement
th r o u g h  th e  s o i l .  They i n t r o d u c e d  a v i s c o u s  c o r r e c t i o n  f a c t o r  ( 3 )  to
a d j u s t  th e  h y d r a u l i c  c o n d u c t i v i t y  i n  th e  Green-Ampt e q u a t io n  f o r  th e  
e f f e c t s  of a i r  movement. The v i s c o u s  c o r r e c t i o n  f a c t o r  i s  a f u n c t i o n  
o f  th e  i n i t i a l  w a te r  c o n t e n t .  The M o re l-S ey to u x  and K h a n j i  (1974) 
e q u a t i o n  i s :
• = K ( H + I'm + Z) (1 3 )
1  3 Z
w here  i  i s  th e  i n f i l t r a t i o n  r a t e ,  K i s  th e  s a t u r a t e d  h y d r a u l i c  conduc­
t i v i t y ,  3 i s  th e  v i s c o u s  c o r r e c t i o n  f a c t o r ,  H i s  th e  d e p th  of ponded 
w a te r  above the  s u r f a c e ,  Vra i s  th e  c a p i l l a r y  p r e s s u r e  o r  w a te r  p o te n ­
t i a l  a t  th e  w e t t i n g  f r o n t ,  and Z i s  th e  v e r t i c a l  d i s t a n c e  below the  
s o i l  s u r f a c e .
I n f i l t r a t i o n  Models f o r  a  S e a le d  S u r f a c e
S te a d y  and t r a n s i e n t  i n f i l t r a t i o n  i n t o  u n s a t u r a t e d  s e a le d  s u r ­
f a c e s  were s t u d i e d  by H i l l e l  (1964) and H i l l e l  and G a rd n e r  (1969 ,
1 9 7 0 ) .  They used D a r c y 's  law  f o r  u n s a t u r a t e d  porous media in  t h e i r  
s t u d i e s  and assumed t h a t  the  f lo w  was eq u a l  th ro u g h  th e  s e a l  and sub­
s e a l  l a y e r s  b ecau se  of th e  c o n t i n u i t y  (Vc = Vu where Vc i s  th e  f l u x  
th r o u g h  th e  s e a l  l a y e r ) .  They assumed t h a t  the  t o t a l  h y d r a u l i c  g r a ­
d i e n t  i s  c o n s t a n t  a c r o s s  th e  s e a le d  l a y e r  i f  the s o i l  i s  s a t u r a t e d  and 
hom ogeneous. They i n d i c a t e d  t h a t  the  h y d r a u l i c  p r o p e r t i e s  of bo th  
l a y e r s ,  the  s e a l  and s u b s e a l ,  a r e  shown to  a f f e c t  th e  p ro c e s s  of 
i n f i l t r a t i o n  th ro u g h  bo th  l a y e r s .  H i l l e l  and G a rd n e r  (1970) a p p l i e d
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Green-Ampt a ssu m p t io n s  to  examine th e  i n f i l t r a t i o n  i n t o  u n ifo rm  and 
s e a l e d  s o i l s  which were i n i t i a l l y  d r y .  They d e s i g n a t e d  t h r e e  s t a g e s :
a  f i n i t e  s t a g e  i n  which i n f i l t r a t i o n  depends o n ly  on th e  s e a l  l a y e r
w hich  th e y  c a l l e d  th e  " i n i t i a l  s t a g e " ; an  i n t e r m e d i a t e  s t a g e  in  which 
t h e  c u m u la t iv e  i n f i l t r a t i o n  i n c r e a s e d  as  th e  s q u a re  r o o t  of  t im e ;  and  a 
f i n a l  s t a g e  i n  which th e  i n f i l t r a t i o n  r a t e  was reduced  to a f i n a l  
s t e a d y - s t a t e .  They assumed a  c o n s t a n t  w a te r  c o n te n t  and w a te r  p o te n ­
t i a l  a t  th e  i n t e r f a c e  betw een  th e  s e a l  and th e  s u b s e a l .
Morin and Benyamini (1 9 7 7 )  used  a  d i f f e r e n t  ap p ro ach  to  d e s c r i b e  
t h e  i n f i l t r a t i o n  p ro c e s s  th ro u g h  th e  s e a le d  s o i l  from th o se  d e s c r i b e d  
by H i l l e l  (1 9 6 4 ) ,  and H i l l e l  and G a rd n e r  (1969 , 1 9 7 0 ) .  They d ev e lo p e d  
an  e m p i r i c a l  H o rto n  type e q u a t i o n .  The e q u a t io n  as w r i t t e n  by Morin 
and Benyamini (1977) i n  te rm s  of th e  number of median s i z e d  d ro p s  
h i t t i n g  th e  s o i l  s u r f a c e  i s :
i  = f i  + ( i Q -  f i )  e x p ( - n a t )  (1 4 )
and i n  te rm s of r a i n f a l l  i n t e n s i t y :
i  = f i  + ( i 0  -  f i )  ex p ( -Y P t)  (1 5 )
where i s  i s  th e  i n f i l t r a t i o n  r a t e  as a f u n c t i o n  o f  t im e ,  f i  i s  th e  
f i n a l  i n f i l t r a t i o n  r a t e ,  exp i s  th e  n a t u r a l  e x p o n e n t i a l  o p e r a t o r ,  n i s  
t h e  number of median s i z e d  d ro p s  s t r i k i n g  a u n i t  a r e a  o f  s u r f a c e ,  a  i s
t h e  a r e a  s e a le d  by a median s i z e d  d rop  im p a c t , P i s  th e  r a i n f a l l  i n t e n ­
s i t y ,  y = _ a ,  Vm i s  th e  volume of a median d ro p ,  and t  i s  th e  tim e of 
Vm
e x p o s u r e .  The e q u a t io n s  above were used w ith  a  c o n s t a n t  r a i n f a l l  
i n t e n s i t y .  The a p p l i c a t i o n  of th e  e q u a t i o n t o  a s e a le d  s o i l  s u r f a c e  i s  
i l l u s t r a t e d  in  F ig u re  2 f o r  d i f f e r e n t  d ry in g  p e r io d s  and shows th e
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i n f i l t r a t i o n  r a t e  as a  f u n c t i o n  of r a i n f a l l  d e p t h .  T h is  ty p e  of expo­
n e n t i a l  decay  f u n c t i o n  was a l s o  used by Moore (1979) and Moore e t  a l .  
(1 9 8 0 )  to  d e s c r i b e  th e  t r a n s i e n t  h y d r a u l i c  c o n d u c t i v i t y  of a  s u r f a c e  
s e a l .  A lso ,  s i m i l a r  e q u a t i o n s  were used by Van Doren and A llm ara s  
(1 9 7 8 )  and L inden  (1 9 7 9 ) .  In  t h i s  s tu d y  s i m i l a r  ty p e s  o f  e q u a t io n s  (14 
and 15) w ere used to  c a l c u l a t e  th e  t r a n s i e n t  s e a l  c o n d u c t i v i t y .
A huja  (1973) used  th e  Green-Ampt e q u a t io n  in  a t h e o r e t i c a l  s tu d y  
o f  th e  v e r t i c a l  f low  of w a te r  i n t o  a homogeneous s o i l  th ro u g h  a s e a le d  
s u r f a c e  w i th  c o n s t a n t  n o n -z e ro  h y d r a u l i c  r e s i s t a n c e .  He r e p o r t e d  t h a t  
th e  w a te r  c o n te n t  a t  th e  i n t e r f a c e  between the  s e a l  and s u b s e a l  
i n c r e a s e d  a l l  the  t im e ,  more r a p i d l y  i n  th e  b e g in n in g  and s lo w ly  l a t e r ,  
u n t i l  th e  f low  re ach e d  a s t e a d y  s t a t e .  Ahuja (1974) ex ten d e d  the 
Green-Ampt ap proach  of H i l l e l  and G a rd n e r  (1970) to  th e  p ro c e s s  of 
i n f i l t r a t i o n  th ro u g h  a  s e a l  a f t e r  th e  i n i t i a l  s t a g e .  He r e p o r t e d  t h a t  
th e  model f i t  w e ll  f o r  sm a l l  s e a l  r e s i s t a n c e s  but in v o lv e d  i n c r e a s i n g  
e r r o r  w ith  i n c r e a s i n g  s e a l  r e s i s t a n c e .
Chu and Engman r e p o r t e d  t h a t  th e  t r a d i t i o n a l  Green-Ampt e q u a t io n  
was i n s u f f i c i e n t  to d e s c r i b e  i n f i l t r a t i o n  and r u n o f f  in  two f i e l d  
e x p e r im e n t s .  The m o d if ie d  Green-Ampt e q u a t io n  by Chu and Engman
(1 9 8 2 ) ,  which depends on a  tw o -p h ase  i n f i l t r a t i o n  p r o c e s s ,  was found to 
be more a d e q u a te  than  th e  t r a d i t i o n a l  e q u a t i o n .  B r a k e n s ie k  and Rawls
(1 9 8 3 )  m o d if ied  the  Green-Ampt e q u a t i o n  f o r  f i e l d  d a t a  w ith  a s e a le d  
s u r f a c e  where the  p a r a m e te r s  of th e  e q u a t io n  were p r e d i c t e d  from the 
p h y s i c a l  p r o p e r t i e s  of th e  s o i l ;  nam ely  s o i l  t e x t u r e ,  s u r f a c e  c o v e r ,  
and ro ughness  of th e  s u r f a c e .  The i n f i l t r a t i o n  r a t e  was p r e d i c t e d  fo r  
th e  s e a l  and s u b s e a l  l a y e r s  and compared to f i e l d  d a t a .  The measured
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and p r e d i c t e r d  d a t a  a r e  shown i n  F ig u r e  3 .  The Green-Ampt model f o r  a 
t w o - l a y e r  p r o f i l e  as  w r i t t e n  by B ra k e n s ie k  and Rawls (1983) i s :
ma • *!Sl = K ( L + ¥m) (1 6 )
d t  2 L
w here  MA i s  th e  s o i l  w a te r  s t o r a g e  of th e  t i l l e d  l a y e r ,  jiL i s  th e
d t
w e t t i n g  f r o n t  advance  r a t e ,  K t h e  e f f e c t i v e  h y d r a u l i c  c o n d u c t i v i t y ,  L 
i s  th e  w e t t i n g  f r o n t  d e p th  i n c l u d i n g  the  s e a l  t h i c k n e s s  and th e  t i l l e d  
l a y e r  and 'fm i s  the  n e g a t i v e  p r e s s u r e  a t  the  w e t t i n g  f r o n t .  The com­
p o s i t e  h y d r a u l i c  c o n d u c t i v i t y  f o r  th e  two l a y e r s  can be w r i t t e n  a s :
K = L (17)
Zc + L-Zc
Kc Ka
w here Kis th e  co m p o s i te  h y d r a u l i c  c o n d u c t i v i t y ,  Zc i s  th e  s e a l  
t h i c k n e s s ,  L i s  th e  t i l l e d  l a y e r  and s e a l  t h i c k n e s s ,  and Kc and Ka a re  
t h e  s e a l  c o n d u c t i v i t y  and t i l l e d  l a y e r  c o n d u c t i v i t y ,  r e s p e c t i v e l y .  The 
s e a l  h y d r a u l i c  c o n d u c t i v i t y  as  w r i t t e n  b B ra k e n s ie k  and Rawls (1983) 
i s :
Kc = Kf + (Ko -  Kf) Exp(-CEs) (1 8 )
where Kc i s  th e  t r a n s i e n t  s e a l  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y ,  Ko i s
t h e  i n i t i a l  s e a l  c o n d u c t i v i t y ,  Kf i s  he f i n a l  s e a l  c o n d u c t i v i t y ,  C i s  a
c o n s t a n t  and Es i s  th e  r a i n f a l l  s e a l i n g  e n e rg y  a t  th e  s o i l  s u r f a c e .
T h is  e q u a t io n  can be a p p l i e d  to  d e s c r i b e  t r a n s i e n t  s e a l  c o n d u c t i v i t y  
u n d e r  a v a r i a b l e  r a i n f a l l  r a t e .
L inden  (1979) d e s c r i b e d  th e  r a i n f a l l  s e a l i n g  e n e rg y  as f o l l o w s :  
Es = B(1 -  RR/4) EOA (1 9 )
w here B i s  th e  f r i c t i o n  o f  s o i l  s u r f a c e  e x p o s e d , RR i s  th e  s u r f a c e  
random ro u g h n e s s ,  and EOA i s  th e  r a i n f a l l  e n e rg y .  The c o n s t a n t  C can
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and Rawls, 1 9 8 3 ) .
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be w r i t t e n  a s :
c „ w  Kf } __1_ (20)
Ko-Kf EOP
w here  EOP i s  th e  a c c u m u la t iv e  r a i n f a l l  e n e rg y  to  re d u c e  Kc to  2 Kf when
B = 1 and RR = 0. The s u b s t i t u t o n  o f  e q u a t io n s  (19 and 20)  i n t o
e q u a t i o n  ( 1 8 ) ,  l i n d e n  ( 1 9 7 9 ) ,  l e a d s  t o :
Kc = Kf + (Ko -  Kf) E x p [ - ln  ) .B( l - p ) f § | ]  (2 1 )
o r
Kc = Kf + (Ko-Kf) E x p [ - D . B ( 1 - P ) | ^ | ]  (2 2 )
w here
n -  Kf ) (2 3 )
D ~ ln  K ^ K f
The a c c u m u la t iv e  r a i n f a l l  e n e rg y  (EOA) was d e s c r i b e d  by W ischm eier and 
Sm ith  (1978) a s :
EOA = [0 .02062  + 0 .0 0 3 7 9 . l n ( P ) ] . P . t  (24
w here  P i s  th e  r a i n f a l l  i n t e n s i t y  ( c m /h r )  and t  i s  th e  t im e r e q u i r e d  
f o r  th e  s e a l i n g  en e rg y  to  re ach  EOP.
The two l a y e r  Green-Ampt e q u a t i o n  of B ra k e n s ie k  and Rawls (1983) 
was m o d if ied  by Chu (1 9 8 4 )  to  i n c l u d e  th e  s u b s o i l  l a y e r  a l s o .  The 
model in c lu d e d  th e  i n t e r f a c e  betw een th e  s u b s e a l  ( t i l l e d  l a y e r )  and the 
s u b s o i l ,  and the  ponding o f  w a te r  above th e  s u b s o i l .  The s o i l  p r o f i l e s  
assum ed to in c lu d e  t h r e e  l a y e r s : th e  s u r f a c e  s e a l , th e  t i l l e d  l a y e r
and th e  s u b s o i l  (Moore and L a r s o n ,  1 9 8 0 ) .  Each l a y e r  was d e s c r i b e d  by 
i t s  s p e c i f i c  t h i c k n e s s ,  h y d r a u l i c  c o n d u c t i v i t y ,  c a p i l l a r y  t e n s i o n  and 
s t o r a g e  p a ra m e te r  as d i s c u s s e d  i n  d e t a i l  by Chu ( 1 9 8 4 ) .  The f i r s t  two 
l a y e r s  were d e s c r ib e d  by B ra k e n s ie k  and Rawls ( 1 9 8 3 ) .  The i n f i l t r a t i o n
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c a p a c i t y  r a t e  which d e s c r i b e s  th e  t h r e e  l a y e r  Green-Ampt i n f i l t r a t i o n
model as w r i t t e n  by Chu (1 9 8 4 )  i s :
Mb.d (L b )  1 Zc + Za + Lb + hb (2 5 )
d t  2 Zc + Za + Lb
Kc Ka Kb
w here  Mb i s  th e  s o i l  s t o r a g e  o f  th e  s u b s o i l  l a y e r ,  d (L b )  i s  th e
d t
i n f i l t r a t i o n  c a p a c i t y  r a t e  ( c m / h r ) ,  Zc, Za and Lb a r e  the  s e a l
t h i c k n e s s  (cm ), the  t i l l e d  l a y e r  d e p th  (cm) and th e  w e t t i n g  f r o n t  d e p th
w i t h i n  the  s u b s o i l  ( c m ) , r e s p e c t i v e l y ,  hb i s  the  e f f e c t i v e  s o i l  w a te r  
p r e s s u r e  i n  th e  s u b s o i l  (cm) and Kc, Ka and Kb a re  th e  h y d r a u l i c  con­
d u c t i v i t i e s  o f  th e  s e a l ,  t i l l e d  and th e  s u b s o i l  ( c m / h r ) ,  r e s p e c t i v e l y .  
The amount of w a te r  i n f i l t r a t e d  ( I )  when t h e r e  i s  no w a te r  pondage on 
t h e  i n t e r f a c e  i s :
I  = MDj. Zc + MD2 .Z a + MD3 . Lb (2 6 )
w here  MDf, MD2  and MD3  a r e  th e  s o i l  s t o r a g e  of the  s e a l ,  t i l l e d  and 
s u b s o i l  l a y e r s ,  r e s p e c t i v e l y .
The f i n a l  h y d r a u l i c  c o n d u c t i v i t y  of th e  s e a l  l a y e r  (Kf) was 
c a l c u l a t e d  as f o l l o w s :
Kf s  Z c .S c .K o  (2 7 )
PFc + Zc
w here  Zc i s  th e  s e a l  t h i c k n e s s  (cm ) ,  Sc i s  th e  c o r r e c t i o n  f a c t o r  in  
L i n d e n ' s  fo rm u la  ( 1 9 7 9 ) ,  Ko i s  th e  i n i t i a l  s e a l  c o n d u c t i v i t y  and PFc i s  
t h e  w a te r  p o t e n t i a l  (cm) a t  th e  s e a l  and s u b s e a l  i n t e r f a c e .  In  sum­
m ary ,  two s o i l  s e a l i n g  p a r a m e te r s  were used to  d e s c r i b e  th e  t r a n s i e n t  
s e a l  h y d r a u l i c  c o n d u c t i v i t y .  They a r e  th e  s o i l  w a te r  p o t e n t i a l  b e n e a th  
t h e  s e a l  (PFc) and the  e n e rg y  p a ra m e te r  EOP.
P r e l i m i n a r y  t e s t s  o f e q u a t io n s  16 and 2 5 by com paring  f i e l d  d a t a
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w i t h  s im u la te d  r e s u l t s  i n d i c a t e d  t h a t  th e  l a y e r e d  Green-Ampt model by 
B r a k e n s ie k  and Rawls (1 9 8 3 )  and th e  m o d if ie d  l a y e r e d  Green-Ampt 
e q u a t i o n  by Chu (1984) w ere  n o t  a d e q u a te  to  d e s c r i b e  th e  i n f i l t r a t i o n  
r a t e  i n  V ienna  loam and Lowry s i l t  loam . The p r im a ry  d i f f i c u l t y  i s  
t h a t  th e  e f f e c t i v e  s o i l  c o n d u c t i v i t y  i s  r e p r e s e n t e d  by th e  harm onic  
mean of th e  s e a l  c o n d u c t i v i t y ,  t h e  t i l l e d  s o i l  c o n d u c t i v i t y  and th e  
s u b s o i l  c o n d u c t i v i t y .  Because th e  t h i c k n e s s  of th e  s e a l  i s  t h i n ,  i t s  
r e l a t i v e  e f f e c t  on th e  harm onic  mean i s  n e g l i g i b l e .  O b s e r v a t io n  in  
p r a c t i c e  i n d i c a t e d  t h a t  th e  s e a l  l a y e r  i s  th e  c o n t r o l l i n g  f a c t o r  i n  th e  
i n f i l t r a t i o n  p r o c e s s .  T h e r e f o r e  th e  model was m o d if ie d  by th e  co n c e p t  
d e s c r i b e d  by C h i ld s  ( 1 9 6 9 ) ,  who s t a t e d  "when th e  s a t u r a t e d  c o n d u c t i v i t y  
o f  th e  upper l a y e r  i s  l e s s  th a n  t h a t  o f th e  low er l a y e r ,  th e  i n f i l t r a ­
t i o n  c a p a c i t y  i s  q u i t e  u n a f f e c t e d  by th e  p re s e n c e  o f  th e  low er l a y e r ,  
and i s ,  i n  f a c t ,  s im p ly  th e  i n f i l t r a t i o n  c a p a c i t y  o f  the  upper  l a y e r  by 
i t s e l f . "  As a  r e s u l t ,  th e  h y d r a u l i c  c o n d u c t i v i t y  o f  th e  t i l l e d  l a y e r  
( K a ) , and th e  c o n d u c t i v i t y  o f  th e  s u b s o i l  l a y e r  (Kb) in  e q u a t io n  (2 5 )  
became eq u a l  to th e  c o n d u c t i v i t y  o f  th e  s e a l  l a y e r  ( K c ) . The e q u a t io n  
(2 5 )  i s  th en  r e w r i t t e n  a s :
Mb d (L b )  _ 1 Zc + Za + Lb + hb (2 8 )
' d t  2 Zc + Za Lb
Kc m in(K c, Kb)
w here a l l  th e  te rm s were d e f in e d  p r e v i o u s l y .  The o p e r a t o r  (m in) r e f e r s  
t o  th e  s m a l l e r  v a lu e  o f  th e  two q u a n t i t i e s  in c lu d e d  in  th e  p a r e n t h e s e s .  
When Kb i s  l e s s  th an  Kc th e  c o n d u c t i v i t y  of th e  s u b s o i l  i s  eq u a l  to  Kb, 
and when Kb i s  g r e a t e r  th an  K c , th e  h y d r a u l i c  c o n d u c t i v i t y  of th e  sub ­
s o i l  i s  eq u a l  to  Kc. E q u a t io n  (2 8 )  was used to  d e s c r i b e  th e  i n f i l t r a ­
t i o n  r a t e  in  b o th  s o i l s  and compared to f i e l d  d a t a .
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MATERIALS AND METHODS
I n f i l t r o m e t e r
A r a i n  s i m u l a t o r  was used to  p roduce  d i f f e r e n t  i n t e n s i t i e s  and 
k i n e t i c  e n e r g i e s .  The P u rd u e  i n f i l t r o m e t e r  d ev e lo p e d  by B e r t ra n d  and 
P a r r  (1960) and d e s c r i b e d  i n  d e t a i l  by B e r t ra n d  and P a r r  (1961) was 
u sed  i n  t h i s  s t u d y ,  though  s l i g h t l y  m o d if ied  by Dr. Shu-Tung Chu, 
A g r i c u l t u r e  E n g in e e r in g  D e p a r tm e n t ,  SDSU. The i n f i l t r o m e t e r  was 
s u p p l i e d  w i th  a l l  th e  equ ipm ent f o r  r u n o f f  a c c u m u la t io n  and m easure­
m en t ,  ( p r e s s u r e  t a n k ,  pumps, w a te r  r e s e r v o i r ,  e t c . ) ,  as shown in  F ig u re  
4 .  The main m o d i f i c a t i o n  was th e  re p la c e m e n t  o f  th e  s t a t i o n a r y  n o z z le  
mount w i th  an o s c i l l a t i n g  m echanism . F l a t  s p r a y  n o z z le s  were th en  used 
i n  p l a c e  of th e  f u l l  cone n o z z le s  and a h o r i z o n t a l  arm was a t t a c h e d  to 
t h e  o s c i l l a t i n g  mechanism to accommodate m u l t i p l e  n o z z l e s .  This  
a r r a n g e m e n t  a c co m p lish e d  numerous f e a t u r e s .  V ary ing  n o z z le  s i z e s  
changed  th e  k i n e t i c  e n e rg y  a t  a  g iv e n  i n t e n s i t y .  V ary ing  the  number of 
n o z z l e s  changes  r a i n f a l l  i n t e n s i t y  e x c e p t  f o r  the  s i n g l e  n o z z le  
a r r a n g e m e n t .  The o s c i l l a t i n g  mechanism a l s o  p ro v id ed  fo r  a more u n i ­
form  d i s t r i b u t i o n  of w a te r  to  th e  2 .1  m e te r  by 3 .0  m e te r  a r e a  con­
t a i n i n g  th e  one s q u a re  m e te r  p l o t .
R unoff was m easured by pumping th e  ru n o f f  w a te r  from the  p l o t  
c o l l e c t i o n  b a s in  w ith  a p e r i s t a l t i c  pump i n t o  a pan suspended  from a  50 
Kg s c a l e .  A s to p  w atch  was used  to  d e te r m in e  when to  ta k e  r e a d i n g s  a t  
one m inu te  i n t e r v a l s .
S o i l  w a te r  c o n t e n t s  were d e te rm in e d  by sam pling  b e f o r e  and a f t e r  
w a te r  a p p l i c a t i o n .
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Types o f  N o zz le s
S p ra y in g  System  Company V e e J e t  N ozz les  were used to  s u p p ly  a r t i ­
f i c i a l  r a i n f a l l  w i th  d i f f e r e n t  i n t e n s i t i e s  and k i n e t i c  e n e r g i e s .  The 
n o z z l e s  used a r e  l i s t e d  i n  T ab le  1 .
T ab le  1. Type of n o z z l e ,  n o z z le  num ber,  d i s c h a r g e ,  d i a m e te r  and 
k i n e t i c  e n e rg y  r a t e  (KE) used  in  th e  s t u d y .
Type of 
N ozzle
D is c h a rg e  (L /S )  D iam ete r  KE 
N o z z le  No.__________a t  6  p s i __________(mm) j /m ^ .mm
S S Co V e eJe t  
S S Co V eeJe t  
S S Co V eeJe t  
S S Co V eeJe t  
S S Co V e eJe t
H 1 /8  U 8010 0 .0 2 5
H 1/8  U 8020 0 .0 4 9
H 1/8  U 8030 0 .0 7 9
H 1/4 U 8070 0 .1 7 0
H 1/2 U 80150 0 .3 6 5
1.98
2 .7 8
3 .5 7
5 .1 6
7 .5 4
7 .2
8 . 2
12 .4
19 .4
2 4 .4
The r a i n f a l l  i n t e n s i t i e s ,  s p a t i a l  d i s t r i b u t i o n s  o f  th e  n o z z le  
a r r a n g e m e n ts ,  and d rop  s i z e  d i s t r i b u t i o n  m easurem ents  were made i n  th e  
l a b o r a t o r y  b e f o re  moving th e  i n f i l t r o m e t e r  to  the  f i e l d .  N ozzle 
a r r a n g e m e n ts  were a d j u s t e d  a t  t h i s  t im e  to  p ro v id e  u n ifo rm  s p a t i a l  
d i s t r i b u t i o n  o f  w a te r  to th e  a p p l i c a t i o n  s u r f a c e .
F i e l d  P l o t  P r e p a r a t i o n
The f i e l d  e x p e r im e n ts  ware c o n d u c te d  on V ien n a  loam (Mixed Udic 
H a p lo b o r o l l )  and Lowry s i l t  loam (T y p ic  H a p l u s t o l l )  s o i l s .  A reas were 
m e c h a n ic a l ly  t i l l e d  to a d e p th  o f  0 .1 5  - 0 .2 0  m. I n d i v i d u a l  p lo t  a r e a s  
o f  2 .1  by 3 .0  ra were g ra d ed  to  a  2% s l o p e  w i th  a g a rd e n  r a k e .  L arge 
c l o d s  were removed to  p ro v id e  a u n ifo rm  s o i l  s u r f a c e .  The t e s t  p l o t s
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w ere i s o l a t e d  w i th in  t h i s  a r e a  by a  1 .0  m e te r  s q u a r e  f ram e .  A p l o t  
r e a d y  f o r  ex p o su re  to  r a i n f a l l  i s  shown i n  F ig u re  5 .
F i e l d  T r e a t m e n t s :
The c o m b in a t io n  t r e a t m e n t s  of r a i n f a l l  k i n e t i c  e n e r g i e s  and 
i n t e n s i t i e s  a r e  p r e s e n t e d  i n  T a b le  2 f o r  V ien n a  loam . S ix  l e v e l s  of 
r a i n f a l l  en e rg y  were u s e d .  The z e ro  l e v e l  o f e n e rg y  was o b ta in e d  by 
p r o t e c t i n g  the  s o i l  s u r f a c e  w i th  c h e e s e c l o t h .  Two co v e rs  were used on 
V ienna  loam , a s c r e e n  which was l o c a t e d  abou t  10-15 cm above th e  s u r ­
f a c e  and a n o th e r  c o v e r  w hich was l o c a t e d  d i r e c t l y  on th e  s u r f a c e .
T hree  r a i n f a l l  i n t e n s i t i e s  were a p p l i e d  w i th  th e  k i n e t i c  e n e rg y  l e v e l s  
o f  0 ,  7 . 2 ,  12 .4  J/m^ .mm w h i le  one r a i n f a l l  i n t e n s i t y  was used fo r  the  
r e m a in in g  k i n e t i c  e n e rg y  l e v e l  in  V ien n a  loam . One r a i n f a l l  i n t e n s i t y  
was a p p l i e d  w ith  t h r e e  l e v e l s  of k i n e t i c  en e rg y  ( lo w ,  12 .4  and 2 4 .4  
j/m^.mm) to Lowry s i l t  loam as shown i n  t a b l e  3 .  The low e n e rg y  l e v e l  
was o b ta in e d  by c o v e r in g  th e  s u r f a c e  w i th  a s c r e e n  which was l o c a t e d  
a b o u t  10-15 cm above th e  s o i l  s u r f a c e .  No d i r e c t  c o v e r  on the  s o i l  
s u r f a c e  was u se d .  The t r e a t m e n t s  on b o th  s o i l s  (T a b le  2 ,  3) were i n i ­
t i a t e d  on d r y - b a r e  s u r f a c e s  f o r  th e  f i r s t  run and th en  on w e t - b a r e  s u r ­
f a c e s  fo r  th e  second run (1 7 -2 4  h o u r s  a f t e r  th e  f i r s t  r u n ) .  With th e  
c o v e re d  t r e a t m e n t s ,  th e  f i r s t  run s t a r t e d  w i th  a d ry - c o v e r e d  s u r f a c e
and th e  second w ith  a w e t- c o v e re d  s u r f a c e  (17 -2 4  h o u r s  a f t e r  th e  f i r s t
r u n ) .
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T ab le  2 .  K i n e t i c  e n e rg y  r a t e  and r a i n f a l l  i n t e n s i t i e s  f o r  d i f f e r e n t  
t r e a t m e n t s  on V ien n a  loam s o i l .
K i n e t i c
•gy r a t e ,  
■ .mm
R a i n f a l l
High
I n t e n s i t i e s
Medium
(m m /hr)*
Low
S o i l  s u r f a c e  
T re a tm en t
2 4 .4 12 3 .7 D ry -b a re
1 2 5 .4 ---------------- —— —— W et-b a re
19 .4 1 2 3 .0 D ry -b a re
1 1 5 .0 - — — W et-b a re
12 .4 1 4 9 .0 1 0 1 . 6 5 3 .6 D ry -b a re
1 5 1 .9 101 .7 5 3 .8 W e t-b a re
8 . 2 1 2 8 .0 D ry -b a re
1 2 8 .0 _ _ _ — W et-b a re
7 .2 148 .5 7 9 .3 4 3 .5 D ry -b a re
1 4 8 .5 7 9 .8 4 3 .5 W et-b a re
0 155 .4 1 0 0 . 6 5 3 .8 D ry -co v e red
1 5 5 .2 1 0 1 . 8 5 4 .1 W et-covered
* R a i n f a l l  i n t e n s i t y  v a lu e s  a r e  th e  mean o f  4 ,  3 ,  4 ,  3 ,  2 and 1 p l o t s  
f o r  the  e n e rg y  l e e l s  o f  2 4 . 4 ,  1 9 .4 ,  1 2 .4 ,  8 . 2 ,  7 . 2  and 0 J/m^ mm, 
r e s p e c t i v e l y .
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T ab le  3 .  K i n e t i c  e n e rg y  r a t e  and r a i n f a l l  i n t e n s i t i e s  f o r  d i f f e r e n t  
t r e a t m e n t s  on Lowry s i l t  loam.
K i n e t i c  e n e rg y  r a t e  
( j/m^.mm)
R a i n f a l l  i n t e n s i t y *  
(mm/hr)
S o i l  s u r f a c e  
t r e a tm e n t
2 4 .4 1 1 2 . 2 D ry -b a re
113 .8 W et-b a re
12 .4 129 .3 D ry -b a re
125 .0 W e t-b a re
0 113.7 D ry -co v ered
116 .8 W et-co v ered
* R a i n f a l l  i n t e n s i t y  v a lu e s  a r e  th e  mean of t h r e e  p l o t s .
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S o i l  w a te r  c o n t e n t s
S o i l  sam ples  ware c o l l e c t e d  b e f o r e  and a f t e r  w a te r  a p p l i c a t i o n s .  
The s o i l  sam ples  were oven d r i e d  a t  110° C f o r  w a te r  c o n t e n t  
d e t e r m i n a t i o n .  S o i l  w a te r  was m easured  f o r  s e v e r a l  r e a s o n s :
1) To d e te rm in e  th e  w a te r  d i s t r i b u t i o n  b e f o re  and a f t e r  r a i n f a l l  
a p p l i c a t i o n s .
2) For use as a  s o i l  w a te r  d i f f e r e n c e  (MD) in  th e  Green-Ampt 
i n f i l t r a t i o n  model.
3 )  And to  d e te rm in e  th e  w a te r  c o n t e n t  o f  th e  s u r f a c e  a g g r e g a t e s  b e f o r e  
t h e  r a i n f a l l  a p p l i c a t i o n .
S o i l  a g g r e g a t e s  s t a b i l i t y
A g g re g a te  s t a b i l i t y  f o r  th e  s u r f a c e  s o i l  of V ienna loam and 
Lowry s i l t  loam was d e te rm in e d  in  th e  l a b o r a t o r y  by the  method
d e s c r i b e d  by Kemper and Koch (1 9 6 6 ) .  S t a b i l i t y  was m easured on i n i ­
t i a l l y  d ry  and i n i t i a l l y  wet s o i l  a g g r e g a t e s .  Samples from th e  s u r ­
f a c e  and s u b s u r f a c e  were t e s t e d .  The sam ples  were s i e v e d  to  o b t a i n  the
1-2 mm a g g r e g a t e s .  Four grams of th e  a g g r e g a t e s  were lo ad ed  o n to  a
s i e v i n g  s c r e e n  and c a r e f u l l y  p la c e d  i n t o  a w e t t i n g  chamber b e f o re  
t e s t i n g .  The s o i l  w a te r  c o n t e n t  o f th e  w e tted  a g g r e g a t e s  ranged  b e t ­
ween 20-40%. The s c r e e n s  w i th  th e  s o i l  a g g r e g a t e s  were p lace d  i n t o  
aluminum cans and s ie v e d  f o r  f i v e  m in u te s .  They were th en  t r a n s f e r r e d  
to  o t h e r  aluminum cans f o r  d i s p e r s i o n  o f  th e  re m a in in g  a g g r e g a t e s .  A 
s o n i f i e r  was used fo r  d i s p e r s i o n  w i th  th e  sand re m a in in g  on th e  s c r e e n .  
The aluminum cans and s c r e e n s  were oven d r i e d  a t  110° C. A f t e r  
w e ig h in g  the  oven d ry  m a t e r i a l ,  th e  a g g r e g a t e  s t a b i l i t y  was c a l c u l a t e d
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a s  f o l l o w s :
AffP ef«,h 7  -  (Wt. o f  stab, agg. + sand) - (Wt.. o f  sand) x 10q (2 9 )agg.scaD. /„ (wt> Qf gample) _ ( wt m Qf gand)
w here th e  s t a b l e  a g g r e g a t e s  a r e  th e  re m a in in g  a g g r e g a t e s  on th e  s i e v e  
a f t e r  f i v e  m in u te s  of s i e v i n g  in  w a te r .
Drop s i z e  d i s t r i b u t i o n
The d rop  s i z e  d i s t r i b u t i o n s  o f  th e  d i f f e r e n t  n o z z le s  were 
m easured  in  th e  l a b o r a t o r y  by th e  f l o u r  method used by Laws and P a r s o n s  
(1 9 4 3 )  and v e r i f i e d  by Kohl (1 9 7 4 ) .  Trays were f i l l e d  w ith  s i f t e d  
f l o u r  and exposed to  th e  r a i n f a l l  d ro p s  2 .4  m e te r s  below th e  n o z z l e s .  
The t r a y s  were 1 .5  cm deep and 21 cm i n  d i a m e t e r .  A f t e r  ex p o s in g  th e  
f l o u r  to  the  r a i n d r o p s ,  a  t h i n  l a y e r  of f l o u r  was added to  i n s u r e  t h a t  
a l l  p e l l e t s  were c o v e re d .  The p e l l e t s  were oven d r i e d  a t  110° C f o r  
4 -6  h o u r s . The p e l l e t s  a lo n g  th e  edges were e l i m in a t e d  by sam p lin g  the  
c e n t e r  20 cm d ia m e te r  of th e  t r a y s . The p e l l e t s  were s e p a r a t e d  from 
th e  f l o u r  by sh ak in g  on a  50 mesh s i e v e .  P e l l e t s  were th en  s e p a r a t e d  
by u s in g  a s e t  o f 16 s i e v e s ,  U. S. s e r i e s  5-50  mesh s i z e  as m en tioned  
by Kohl (1 9 7 4 ) ,  and Kohl and DeBoer (1 9 8 3 ) .  The f l o u r  p e l l e t s  on each 
s i e v e  were w e ig h te d .  The mass r a t i o  (Rm) , th e  mass of w a te r  d r o p l e t  to  
d r y  f l o u r  p e l l e t  mass (Pm), as d e te rm in e d  by Meyer (1958) and v e r i f i e d  
by Kohl (1974) was u s e d .  The e q u a t io n  was:
Rm = 1 .05 Pm* 0 6 1  (3 0 )
w here  th e  mass i s  i n  mg.
K i n e t i c  e n e rg y
The k i n e t i c  e n e rg y  i s  e q u a l  to  1 /2  mV^, where k i n e t i c  e n e rg y  i s
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i n  j o u l e s ,  th e  r a in d r o p  mass (m) i s  i n  Kg and the  im pac t  v e l o c i t y  of  
t h e  r a i n d r o p  (V) i s  i n  m e t e r / s e c .  The t o t a l  e n e r g y , £ KE o f  th e  d i s t r i ­
b u t i o n  was c a l c u l a t e d  as th e  sum of th e  d r o p l e t s  e n e r g i e s :
n
S K E  = 1/2^ Mi Vi2  (3 1 )
i = l
w here  n  i s  th e  t o t a l  number of d rop  s i z e  c l a s s e s . D ro p le t  v e l o c i t i e s  
w ere  computed u s in g  th e  p ro c e d u re  of S e g in e r  ( 1 9 6 5 ) .  T ab le  4 shows th e  
m edian  d ro p  s i z e s  and t h e i r  c o r r e s p o n d in g  v e l o c i t i e s :
T a b le  4 .  Median d rop  v e l o c i t i e s  and drop  d i a m e te r s  f o r  th e  dough b a l l s  
r e t a i n e d  on th e  s i e v e  s i z e s  used in  t h i s  s t u d y .
S ie v e
#
Mean drop  d ia m e te r  
(mm)
V e lo c i ty
(m /se c )
5 4 .8 8 9 .0 0
6 4 .0 0 8 .8 5
7 3 .3 2 8 .6 5
8 2.77 8 .2 7
1 0 2 .3 2 7 .85
1 2 1.96 7 .3 5
14 1.59 6 .6 0
16 1.31 5 .7 0
18 1 . 1 2 5 .0 5
2 0 0 .9 5 4 .0 5
25 0 .8 0 3 .3 2
30 0 .6 7 2 .8 2
35 0 .5 6 2 .4 6
40 0 .4 7 2 .0 5
45 0 .3 9 1.65
50 0 .3 3 1.32
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Green-Ampt In p u t  D a t a :
A program w r i t t e n  in  F o r t r a n  by Dr. S. T. Chu, A g r i c u l t u r a l  
E n g in e e r in g  D e p a r tm e n t ,  SDSU, was used to c a l c u l a t e  th e  p r e d i c t e d  
v a l u e s  o f  th e  i n f i l t r a t i o n  r a t e ,  c u m u la t iv e  i n f i l t r a t i o n  d e p th ,  r u n o f f ,  
w e t t i n g  f r o n t  d e p th  and s e a l  c o n d u c t i v i t y .
The i n p u t  p a r a m e te r s  of th e  m o d if ie d  Green-Ampt model a re  
d i v i d e d  i n t o  g ro u p s :  f i r s t ,  th e  c o n s t a n t  p a ra m e te rs  which do not
ch an g e  w ith  ch an g in g  k i n e t i c  e n e rg y  l e v e l s  f o r  a l l  p l o t s  w i th in  th e  
same s o i l  as l i s t e d  in  T ao le  5 .  The a v e rag e  s e a l  t h i c k n e s s  was 
assum ed to  be 0 . 5  cm w hich c o r r e s p o n d s  to  v a lu e s  r e p o r t e d  by s e v e r a l  
r e s e a r c h e r s  (A h u ja ,  1974 and 1983, B ra k e n s ie k  and R aw ls, 1983 and Chu, 
1 9 8 4 ) .  The t i l l e d  l a y e r  t h i c k n e s s  in  b o th  s o i l s  i s  15 cm i n c l u d i n g  the  
t h i c k n e s s  of th e  s e a l .  The I n i t i a l  h y d r a u l i c  c o n d u c t i v i t y  of the  s e a l  
(K o ) ,  th e  e f f e c t i v e  h y d r a u l i c  c o n d u c t i v i t y  of th e  s e a l  l a y e r  (K^) was 
c h a n g in g  w i th  th e  t im e ,  and the  e f f e c t i v e  c o n d u c t i v i t y  of th e  t i l l e d  
l a y e r  (K2 ) was assumed to  be e q u a l  to  th e  a p p l i c a t i o n  r a t e  of th e  
c o v e re d  p l o t s  i n  b o th  s o i l s .  The c o n d u c t i v i t y  o f  th e  s u b s o i l  (K3 ) was 
c a l c u l a t e d  from the  n o - t i l l  p l o t  r e s u l t s  (Chu, 1985, p e r s o n a l  
c o m m u n ic a t io n ) .  The w a te r  p o t e n t i a l ,  PF^, PF2  and PF3 , f o r  th e  t h r e e  
l a y e r s  i s  assumed to  be s m a l l  b ecau se  of th e  w a te r  movement th ro u g h  th e  
l a r g e  p o re s  (m ac ro p o re s )  (Chu, 1985, p e r s o n a l  co m m u n ica t io n ) .  PFc i s  
t h e  w a te r  p o t e n t i a l  b e n e a th  th e  s e a l , a  c o n t r o l l i n g  f a c t o r  in  the  
d e t e r m i n a t i o n  of th e  f i n a l  s e a l  c o n d u c t i v i t y  (L in d e n ,  1979).  However, 
t h i s  f a c t o r  i s  d i f f i c u l t  to  m easure  in  th e  f i e l d .  The v a lu e  o f  PFc in  
t h i s  s t u d y  was o b t a in e d  i n d i r e c t l y  by t r i a l  and e r r o r  by m atch ing  s im u-
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T a b le  5 .  I n f i l t r a t i o n  p a r a m e te r s  i n p u t  o f  Green-Ampt model f o r  V ienna 
loam  and Lowry s i l t  loam .
P a ra m e te r  Lowry s i l t  V ienna
sym bols* loam loam D e f i n i t i o n
LDj 0 .5 0 .5 D epth  to  s e a l  bo ttom  (cm)
l d 2 15 .0 15 .0 D epth  to  t i l l e d  boundary  (cm)
LTi 0 .5 0 .5 S e a l  t h i c k n e s s  (cm)
l t 2 14 .5 14 .5 T i l l e d  l a y e r  t h i c k n e s s  (cm)
Kl ------ ------ E f f e c t i v e  s e a l  c o n d u c t i v i t y  (c m /h r )
k 2 13 .5 13 .5 E f f e c t i v e  t i l l e d  c o n d u c t i v i t y  (c m /h r )
k 3 2 . 0 2 .5 E f f e c t i v e  s u b s o i l  c o n d u c t i v i t y  (c m /h r )
KO 1 3 .5 13 .5 I n i t i a l  s e a l  c o n d u c t i v i t y  (c m /h r )
PFj 0 .5 0 .5 W ater p o t e n t i a l  i n  s e a l  (cm)
p f 2 0 .5 0 .5 Water p o t e n t i a l  i n  t i l l e d  l a y e r  (cm)
p f 3 0 . 8 0 . 8 W ater p o t e n t i a l  i n  s u b s o i l  (cm)
PFC 5 .0 3 .0 W ater p o t e n t i a l  under  s e a l  (cm)
RR 1 . 0 1 . 0 Random ro ughness  (cm)
SS 0 .1 8 0 .1 8 S u r f a c e  s t o r a g e  c a p a c i t y  (cm)
B 1 . 0 1 . 0 Bare s o i l  f r a c t i o n  ( d im e n s io n l e s s )
Sc 0 .8 2 0 .81 C o r r e c t i o n  f a c t o r  ( d im e n s io n l e s s )
INT 0 . 0 0 . 0 I n t e r c e p t i o n  (cm)
*The p a r a m e te r s ,  , K2  an d  K3  c o r r e s p o n d  to  the  p a r a m e t e r s ,  Kc, Ka and 
Kb, r e s p e c t i v e l y  i n  e q u a t i o n  13.
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l a t e d  ru n o f f  and f i n a l  h y d r a u l i c  c o n d u c t i v i t i e s  w i th  th e  measured p l o t  
r u n o f f  and h y d r a u l i c  c o n d u c t i v i t y .  The b a re  s o i l  ro u g h n ess  (RR) i s  
a b o u t  e q u a l  to  1 .0  cm. S in c e  a l l  o f th e  s o i l  s u r f a c e  i s  exposed to  the  
r a i n f a l l  a p p l i c a t i o n ,  th e  b a r e  s o i l  f r i c t i o n  (B) i s  1 . 0 .  The c o r r e c ­
t i o n  f a c t o r  (S c)  has th e  v a lu e s  of 0 .8 1  and 0 .8 2  f o r  th e  V ienna loam 
and Lowry s i l t  loam , r e s p e c t i v e l y  (L in d e n ,  1 9 7 9 ) .  S in ce  no p l a n t s  were 
p r e s e n t  on th e  p l o t s ,  th e  i n t e r c e p t i o n  ( I n t )  v a lu e  i s  z e r o .  The second 
g ro u p  o f  p a r a m e te rs  change as th e  k i n e t i c  en e rg y  changes and from p l o t  
to  p l o t .  The t o t a l  k i n e t i c  e n e rg y  EOP ( J /c m ^ )  i s  d i f f e r e n t  f o r  each 
k i n e t i c  e n e rg y  l e v e l .  The s o i l  w a te r  c o n t e n t s  a re  d i f f e r e n t  f o r  the  
s e a l ,  t i l l e d  and s u b s o i l  l a y e r s  (MDj, MD2 , MD3 ) b o th  b e f o re  and a f t e r  
e a c h  ru n .
The main in p u t  i n t o  th e  program i s  th e  i n f i l t r a t i o n  d e p th  
( cm) w i t h  r e s p e c t  to  th e  t im e from th e  b eg in n in g  of th e  r a i n f a l l  a p p l i ­
c a t i o n  to  the  end of th e  ru n .  These d a t a  were m easured in  th e  f i e l d  
f o r  each  p l o t .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
37
RESULTS AND DISCUSSION 
The p h y s i c a l  p r o p e r t i e s  o f  V ienna  loam and Lowry s i l t  loam 
i n c l u d i n g  b u lk  d e n s i t y ,  t o t a l  p o r o s i t y  and p a r t i c l e  s i z e  d i s t r i b u t i o n  
a r e  shown in  T a b le s  6  and 7 ,  r e s p e c t i v e l y .  V ienna loam i s  a  Mixed Udic 
H a p l o b o r o l l , m o d e r a te ly  w e l l - d r a i n e d  s o i l . I t  d ev e lo p e d  in  g l a c i a l  
t i l l  o f loam o r  c l a y  loam t e x t u r e ,  o r  b o th .  I t  i s  somewhat homogenous 
and m o d e ra te ly  l e v e l .  V ienna loam i s  n o n c a lc a re o u s  to  abou t th e  4 5 cm 
d e p th  and i s  c a l c a r e o u s  below . The mean s a n d ,  s i l t  and c l a y  c o n t e n t s  
o f  V ien n a  loam a re  39.8%, 33.9% and 26.3% , r e s p e c t i v e l y .
Lowry s i l t  loam i s  a  c o a r s e - s i l t y  m ixed ,  Typic H a l u s t o l l ,  w e l l -  
d r a i n e d  lo e s s  on u p la n d s  and t e r r a c e s ,  d ev e lo p ed  in  l o e s s .  T h is  s o i l  
i s  n o n c a lc a r e o u s  i n  th e  u p p er  l a y e r s  g r a d in g  to c a l c a r e o u s  between 0 .4  
and 0 . 5  m e t e r s .  I t  i s  m o d e ra te ly  low i n  o r g a n ic  m a t t e r .  The mean 
s a n d ,  s i l t  and c l a y  c o n t e n t s  f o r  th e  upper  45 cm a re  12.8%, 68.7% and 
18.5%, r e s p e c t i v e l y .
The b u lk  d e n s i t y  o f  V ienna  loam i n c r e a s e s  and t o t a l  p o r o s i t y  
d e c r e a s e s  w i th  d e p th .  The b u lk  d e n s i t y  and t o t a l  p o r o s i t y  a r e  a lm ost  
c o n s t a n t  w i th  d e p th  i n  Lowry s i l t  loam .
1 .  K i n e t i c  E nergy  L ev e l  E f f e c t s  on I n f i l t r a t i o n
a .  I n f i l t r a t i o n  R a te
The i n f i l t r a t i o n  r a t e  was m easured f o r  a l l  t r e a t m e n t s  u s in g  the  
c o n t i n u i t y  e q u a t i o n :
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T a b le  6 . Some s o i l  p h y s i c a l  p r o p e r t i e s  of V ienna  loam a t  B rook ings 
(Agronomy Farm) S o u th  D a k o ta .
S o i l  Bulk T o t a l  P a r t i c l e  s i z e  d i s t r i b u t i o n * *
d e p th  d e n s i t y *  p o r o s i t y *  Sand S i l t  C lay
(cm)__________( g / c n P )_________(%--v o l . ) --------- -------------------------% -----------------------
0 -1 5 1.24 5 3 .7 4 2 .9 3 4 .4 2 2 .7
15-30 1.33 5 0 .2 4 0 .9 3 7 .9 2 1 . 2
3 0-45 1 .39 4 7 .9 4 2 .9 3 2 .3 2 4 .8
4 5 -6 0 1.45 4 5 .7 3 8 .4 3 3 .3 2 8 .3
6 0-75 1.54 4 2 .3 3 8 .4 3 3 .3 2 8 .3
75-90 1.63 3 9 .0 3 8 .4 3 3 .3 2 8 .3
90-105 1.74 3 4 .8 3 8 .4 3 3 .3 2 8 .3
105-120 1.74 3 4 .8 3 8 .4 3 3 .3 2 8 .3
120-135 1.78 3 3 .3 3 9 .9 3 3 .8 2 6 .3
* R a s i a h ,  V. 1983. U n p u b l ish ed  m a s t e r ' s  t h e s i s ,  South  Dakota S t a t e  
U n i v e r s i t y .
* * S o i l  S u rv ey ,  B rook ings  C ounty ,  S.D. S e r i e s  1955, No. 3 .
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T a b le  7 .  Some s o i l  p h y s i c a l  p r o p e r t i e s  o f  Lowry s i l t  loam a t  G e t ty s b u rg  
( P r i v a t e  Farm) S o u th  D a k o ta .
S o i l
d e p th
(cm)
Bulk
d e n s i t y *
(g /cm 3 )
T o ta l  
p o r o s i t y *  
(% v o l . )
P a r t i c l e  s i z e  d i s t r i b u t i o n * *  
Sand S i l t  Clay
0 -1 5 1 .3 2 5 0 .6 12 .3 7 0 .2 17.5
15-30 1 .29 5 1 .7 1 2 . 0 6 7 .0 2 1 . 0
30-45 1.24 5 3 .6 1 4 .0 6 9 .0 17 .0
4 5-60 1 .2 6 5 2 .8
60-75 1 .32 5 0 .6
75-90 1 .29 5 1 .7
90-105 1 .3 0 5 1 .3
105-120 1.33 5 0 .2
120-135 1.32 5 0 .6
* R a s ia h ,  V. 1983. U n p u b lish ed  m a s t e r ' s  t h e s i s ,  South  Dakota S t a t e  
U n i v e r s i t y .
* * S o i l  Su rvey  of Walworth County , S.D. ( 1 9 8 1 ) .
S o i l  S u rvey  of S u l ly  C ounty , S.D. ( 1 9 7 5 ) .
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w here i  i s  the  i n f i l t r a t i o n  r a t e  (m m /h r) ,  P i s  th e  a p p l i c a t i o n  r a t e  
(m m /h r) ,  Rn i s  th e  r u n o f f  (mm/hr) and ds i s  th e  change  i n  s u r f a c e  
s t o r a g e  w i th  r e s p e c t  to  th e  change  o f  t im e  (d T ) .  The l a s t  term of th e  
e q u a t i o n  was v e ry  s m a l l ,  so i t  was n e g l e c t e d  i n  th e  c a l c u l a t i o n .
The r e l a t i o n s h i p  o f  i n f i l t r a t i o n  r a t e  as a  f u n c t i o n  o f  t im e  f o r  
d i f f e r e n t  l e v e l s  of k i n e t i c  e n e rg y  a s  c a l c u l a t e d  by e q u a t io n  (3 2 )  i s  
shown i n  F ig u re s  6  and 7 f o r  V ien n a  loam and Lowry s i l t  loam , r e s p e c ­
t i v e l y .  There was a s h a rp  d e c r e a s e  i n  th e  i n f i l t r a t i o n  r a t e  c u rv e s  of 
t h e  h ig h  k i n e t i c  en e rg y  a f t e r  r u n o f f  s t a r t e d  as w e l l  as  a r e d u c t i o n  in  
t h e  f i n a l  i n f i l t r a t i o n  r a t e  v a lu e s  be tw een  th e  low and h ig h  k i n e t i c  
e n e r g i e s .  The i n f i l t r a t i o n  r a t e  changed l e s s  r a p i d l y  a f t e r  30 m in u te s  
from  th e  t im e ru n o f f  b eg a n .  M oldenhauer and Long (1964) a l s o  n o t i c e d  a 
s h a r p  d e c r e a s e  in  th e  i n f i l t r a t i o n  r a t e  a f t e r  r u n o f f  b eg an .  They a l s o  
i n d i c a t e d  t h a t  th e  f i n a l  i n f i l t r a t i o n  r a t e  was re a c h e d  r a t h e r  q u i c k l y  
a f t e r  ru n o f f  s t a r t e d .
In  t h i s  s tu d y ,  th e  f i n a l  ( o r  s t e a d y  s t a t e )  i n f i l t r a t i o n  r a t e  f o r  
t h e  low k i n e t i c  e n e rg y  r a t e  ( 7 . 2  and 8 .2  J/m^.mm) was tw ice  as  h ig h  
a s  th e  v a lu e  f o r  th e  h ig h  k i n e t i c  e n e rg y  r a t e  (2 4 .4  J/m^.mm) f o r  
t h e  V ienna loam s o i l  shown i n  F ig u r e  6 . T h is  phenomenon i n d i c a t e d  t h a t  
t h e  e f f e c t s  of a  low k i n e t i c  e n e rg y  on s o i l  s u r f a c e  s e a l  deve lopm ent 
and th e  f i n a l  i n f i l t r a t i o n  r a t e  were l e s s  th a n  th e  e f f e c t s  o f  th e  h ig h  
l e v e l  of k i n e t i c  e n e rg y  a t  a  c o n s t a n t  r a i n f a l l  i n t e n s i t y .
S ea l  deve lopm ent i s  d i f f e r e n t  from one k i n e t i c  e n e rg y  to 
a n o t h e r .  The s e a l  d ev e lo p e d  f a s t e r  u n d er  th e  h ig h  k i n e t i c  e n e rg y  l e v e l  
t h a n  the  low k i n e t i c  en e rg y  l e v e l  as  i s  e v id e n c e d  by th e  d e c r e a s e  in
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(mean o f  3 p l o t s ) .
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t h e  s t e e p n e s s  of  th e  c u r v e s  a f t e r  r u n o f f  s t a r t e d  i n  F ig u re  6  and 7 .
The i n f i l t r a t i o n  r a t e  o f  Lowry s i l t  loam ( F i g u r e  7 )  d e c re a s e d  
f a s t e r  th an  th e  one i n  V ien n a  loam ( F i g u r e  6 ) .  The i n f i l t r a t i o n  r a t e  
a f t e r  15 m in u te s  from th e  b e g in n in g  of th e  r a i n f a l l  a p p l i c a t i o n  and the  
same k i n e t i c  e n e rg y  ( 1 2 .4  j/ra^.mm) d e c re a s e d  to  8 8  mm/hr and 30 
mm/hr f o r  V ienna loam and Lowry s i l t  loam , r e s p e c t i v e l y .  This i s  a 
r e s u l t  o f th e  d i f f e r e n c e s  i n  th e  p h y s i c a l  p r o p e r t i e s  o f  th e  two s o i l s .
S u r f a c e  a g g r e g a te  s t a b i l i t i e s  f o r  V ienna  loam and Lowry s i l t  
loam  a r e  89% and 73%, r e s p e c t i v e l y .  Two f a c t o r s  a r e  r e s p o n s i b l e  f o r  
r e d u c t i o n  i n  th e  i n f i l t r a t i o n  r a t e  d u r in g  th e  t im e  o f  r a i n f a l l  in  t h i s  
s t u d y ,  th e  f i r s t  f a c t o r  i n c l u d e s  th e  p h y s i c a l  p r o p e r t i e s  o f  th e  s o i l  
s u c h  as s e n s i t i v i t y  of th e  s u r f a c e  a g g r e g a t e s  to  r a i n f a l l  im pact  and 
t h e  p o r o s i t y  o f  th e  s o i l  w h i le  th e  second  f a c t o r  r e l a t e s  to  th e  p ro p e r ­
t i e s  of th e  w a te r  such  as  d rop  s i z e  and k i n e t i c  e n e rg y .
The f i n a l  i n f i l t r a t i o n  r a t e  o f  Lowry s i l t  loam dropped to  14 and 
6  mm/hr f o r  th e  k i n e t i c  e n e rg y  r a t e s  of 1 2 .4  and 2 4 .4  J/m^.mm, 
r e s p e c t i v e l y ,  and f o r  V ienna  loam i t  dropped  to ab o u t  40 and 21 mm/hr 
f o r  the  same k i n e t i c  e n e rg y  r a t e s .  These f i n a l  i n f i l t r a t i o n  r a t e s  
em p h as iz e  the  d i f f e r e n c e s  i n  th e  p h y s i c a l  p r o p e r t i e s  of th e  two s o i l s  
s u c h  as t e x t u r e ,  a g g r e g a t e  s t a b i l i t y  and o r g a n ic  m a t t e r  c o n t e n t .  Lowry 
s i l t  loam has a  h ig h e r  p e r c e n t a g e  of s i l t  and low er p r c e n ta g e  of c l a y  
com pared to V ienna loam. I n c r e a s i n g  s i l t  c o n t e n t  and d e c r e a s in g  o rg a ­
n i c  m a t t e r  c o n t e n t  i n c r e a s e d  th e  s o i l ' s  s u s c e p t i b i l i t y  to  s e a l i n g  (C ary  
and E v an s ,  1974, M i l l e r  and G i f f o r d ,  1974, B r a d f i e l d  and J a m is o n ,  1939, 
and Lemos and L u tz ,  19 5 7 ).
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A s im p le  l i n e a r  r e g r e s s i o n  e q u a t i o n  was used to  d e s c r i b e  th e  
r e l a t i o n s h i p  o f  k i n e t i c  e n e rg y  r a t e  (J/m^.mm) and f i n a l  i n f i l t r a t i o n  
r a t e  (mm/hr) f o r  V ienna  loam s o i l  as  f o l l o w s :
i  = 57 .58  -  1 .43  KE (3 3 )
w here  i  i s  th e  f i n a l  i n f i l t r a t i o n  r a t e  (mm/hr) and KE i s  th e  k i n e t i c  
e n e rg y  r a t e  (J /m ^.m m ). A good c o r r e l a t i o n  was found and the  k i n e t i c  
e n e rg y  r a t e  e x p la in e d  80% o f  th e  v a r i a t i o n  of th e  n e a r  f i n a l  i n f i l t r a ­
t i o n  r a t e  (R^ = 0 .8 0 )  and t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  a t  the  5% 
l e v e l  (T a b le  A1 A p p e n d ix ) . The r e l a t i o n s h i p  of i  and KE i s  shown in  
F ig u r e  8 . As th e  k i n e t i c  e n e rg y  i n c r e a s e s  th e  n e a r  f i n a l  i n f i l t r a t i o n  
r a t e  d e c r e a s e s .
The i n f i l t r a t i o n  r a t e  of th e  p r o t e c t e d  s u r f a c e  where th e  k i n e t i c  
e n e rg y  was reduced  to a  low v a lu e  by u s in g  a  s c r e e n  o r  a s c r e e n  w ith  
d i r e c t  cove r  in  b o th  s o i l s  i s  v e ry  h ig h  compared to b a re  t r e a t m e n t s .
No ru n o f f  o c c u r re d  from V ien n a  loam f o r  a l l  t r e a t m e n t s  w i th  a d o ub le  
c o v e r .  In t h i s  c a se  th e  k i n e t i c  e n e rg y  was reduced  to  ze ro  J/m^.mm.
The Lowry s i l t  loam e x p e r im e n ts  were co n d u c te d  w i th  the  s c r e e n  l o c a t e d
a b o u t  10-15 cm above the  s u r f a c e  but w i th  no d i r e c t  co v e r  on the  s u r ­
f a c e .  Some f i n e  s p ra y  was o b se rv e d  coming th ro u g h  th e  s c r e e n  co v e r  
when c o l l e c t i n g  d a t a  on V ien n a  loam and i t  i s  assumed to have o c c u r re d  
on Lowry s i l t  loam a l s o .  However, th e  Lowry d a t a  were no t  r e p e a te d  
w i th  e x t r a  co v e r  becau se  o f  t r a v e l  d i s t a n c e .  T h e r e f o r e ,  k i n e t i c  en e rg y  
u n d e r  th e  covered  t r e a tm e n t  on Lowry s i l t  loam was sm a ll  but no t  z e r o .  
Runoff o c c u r re d  in  th o se  t r e a t m e n t s .  The co m p ar iso n  o f  th e  co v e red  and 
b a r e  s u r f a c e  w i l l  be d i s c u s s e d  l a t e r .
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b . I n f i l t r a b i l i t y  o f  B are  and C overed  T re a tm e n ts
The i n f i l t r a t i o n  r a t e s  as  a f u n c t i o n  o f  t im e  f o r  d ry  and wet 
t r e a t m e n t s  on b a re  and co v e red  s o i l  s u r f a c e s  a r e  shown i n  F ig u re s  9 
and 10 f o r  V ienna  loam and F ig u r e  11 f o r  Lowry s i . l t  loam . The 
i n f i l t r a t i o n  r a t e  of th e  d ry - c o v e re d  t r e a tm e n t  i s  v e ry  h ig h  i n  bo th  
s o i l s  compared to the  d r y - b a r e  t r e a t m e n t .  The h ig h  i n f i l t r a t i o n  r a t e  
o f  th e  p r o t e c t e d  s u r f a c e  i n d i c a t e d  t h a t  no s e a l  d ev e lo p e d  and a l l  of 
t h e  w a te r  i n f i l t r a t e d  i n t o  th e  s o i l  s u r f a c e .  The d r y - b a r e  t r e a tm e n t  
showed th e  deve lopm en t of th e  s e a l  l a y e r  and th e  i n f i l t r a t i o n  r a t e  
d ro p p ed  s h a r p ly  a f t e r  r u n o f f  s t a r t e d .
Runoff o c c u r re d  on th e  w e t-c o v e re d  t r e a tm e n t  (2nd run) p r e s e n te d  
i n  F ig u re  9 and the  i n f i l t r a t i o n  r a t e  d e c r e a s e d  s l i g h t l y .  Under t h i s  
c o n d i t i o n ,  t h e r e  was no s e a l  deve lopm en t bu t t h e r e  a r e  some p o s s i b l e  
r e a s o n s  f o r  d e c r e a s in g  th e  i n f i l t r a t i o n  r a t e  such  as  a i r  e n t r a p m e n t ,  
s l a k i n g  and s o i l  co m p a c t io n .
The w e t - b a r e  t r e a t m e n t  (3 rd  ru n )  in  F ig u re  9 and the  d r y - b a re  
t r e a t m e n t  ( 1 s t  ru n )  in  F ig u re  10 p r o v id e  a co m p ar iso n  between wet and 
d r y  a g g r e g a t e s  and the  t im e to b re a k  down th e  a g g r e g a t e s  and s t a r t  
r u n o f f .  In  th e  w e t - b a r e  t r e a t m e n t  i n  F ig u r e  9 ,  s u r f a c e  a g g r e g a te s  
b ro k e  down 3-5  m in u te s  e a r l i e r  th an  i n  the  d r y - b a r e  t r e a tm e n ts  in  
F ig u r e  10. T h is  d i f f e r e n c e  i n  t im e i s  th e  t im e r e q u i r e d  f o r  w e t t in g  
t h e  s u r f a c e  a g g r e g a t e s  of th e  d r y - b a r e  t r e a t m e n t ,  which i s  the  f i r s t  
s t e p  i n d i c a t e d  by M cIn ty re  (1958a)  in  o rd e r  to  s t a r t  s e a l  fo r m a t io n .
The w e t- b a re  t r e a t m e n t s  (2nd ru n )  in  F ig u r e s  10 and 11 f o r  
V ienna  loam and Lowry s i l t  loam a re  good e v id e n c e  fo r  the e f f e c t s  of
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F ig u r e  11 .  I n f i l t r a t i o n  r a t e  f o r  d i f f e r e n t  s u r f a c e  c o n d i t i o n s  and  2 4 .4  J /m  .mm. 
o f  k i n e t i c  e n e rg y  r a t e  i n  Lowry s i l t  loam (mean o f  3 p l o t s ) .
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s e a l  fo rm a t io n  in  r e d u c in g  the  i n f i l t r a t i o n  r a t e  and i n c r e a s i n g  r u n o f f .  
The s e a l  d ev e lo p ed  in  t h e s e  two t r e a t m e n t s  e a r l y  i n  th e  f i r s t  run 
( a b o u t  17-24 h o u r s ) .  Now, in  th e  second r u n ,  r u n o f f  o c c u r re d  a f t e r  one 
m in u te  on V ienna  loam and l e s s  th an  a  m in u te  on Lowry s i l t  loam . The 
i n f i l t r a t i o n  r a t e  was red u ced  to  14.7% and 7.9% o f  th e  o r i g i n a l  a p p l i ­
c a t i o n  r a t e  a f t e r  10 m in u te s  in  V ien n a  loam and Lowry s i l t  loam, 
r e s p e c t i v e l y .
The s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  was re ach e d  s h o r t l y  a f t e r  
r u n o f f  b eg a n .  Reducing i n f i l t r a b i . l i t y  caused  two t h in g s  to i n c r e a s e ,  
r u n o f f  and s o i l  e r o s i o n .  The s o i l  e r o s i o n  was n o t i c e d  in  th e  ru n o f f  
pan  d u r in g  the c o l l e c t i o n  of th e  ru n o f f  and a l s o  was o b se rv ed  i n  the 
i n f i l t r a t i o n  d a t a  a f t e r  th e  s e a l  formed which i n d i c a t e d  t h a t  some of 
t h e  s e a l  s k in  was removed. The i n f i l t r a t i o n  r a t e  v a r i e d  up and down 
s l i g h t l y  which i s  e v id e n c e  f o r  removing and form ing  a p a r t  o f th e  s e a l  
l a y e r  which M cIntyre  (1958a)  c a l l e d  a " s k in  s e a l " .  The eroded  a r e a  can 
be c l e a r l y  seen  in  F ig u re  12 a f t e r  the  p l o t  was exposed to h ig h  r a i n ­
f a l l  i n t e n s i t y  f o r  60 m i n u te s .
c .  C u lu m a tiv e  I n f i l t r a t i o n  ( I )
C u m u la t iv e  i n f i l t r a t i o n  i s  th e  t o t a l  amount of w a te r  which has 
e n t e r e d  th e  s o i l  s u r f a c e  from the  b e g in n in g  of the  r a i n f a l l  a p p l i c a ­
t i o n  to  a  s p e c i f i c  t im e .  C u m u la tiv e  i n f i l t r a t i o n  was a f f e c t e d  by th e  
k i n e t i c  en e rg y  r a t e .  The r e l a t i o n s h i p  of I  (mm) and d i f f e r e n t  l e v e l s  
o f  e n e rg y  a r e  p r e s e n t e d  in  F ig u re s  13 and 14 f o r  V ienna  loam and Lowry 
s i l t  loam, r e s p e c t i v e l y .  There was a  s i g n i f i c a n t  d i f f e r e n c e  a t  the  5% 
l e v e l  in  th e  amount of w a te r  which i n f i l t r a t e d  i n t o  the p r o f i l e  f o r
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d i f f e r e n t  k i n e t i c  en e rg y  l e v e l s  (T a b le  A3, A p p e n d ix ) .  As th e  k i n e t i c  
e n e rg y  l e v e l  o f r a i n f a l l  i n c r e a s e d  th e  t o t a l  q u a n t i t y  o f  w a te r  t h a t  
e n t e r e d  th e  s o i l  p r o f i l e  a f t e r  a g iv e n  t im e  d e c r e a s e d .  For exam ple ,  
a f t e r  one hour of r a i n f a l l  a p p l i c a t i o n ,  th e  amount o f  w a te r  which 
i n f i l t r a t e d  i n t o  V ienna loam was 13 6 , 8 6 , 8 2 ,  71 ,  56 and 47 mm fo r  th e  
k i n e t i c  en e rg y  l e v e l s  o f  0 ,  7 . 2 ,  8 . 2 ,  1 2 .4 ,  19 .4  and  2 4 .4  J/m^.mm, 
r e s p e c t i v e l y  and f o r  Lowry s i l t  loam i n f i l t r a t i o n  amounted to 9 7 ,  37 
and 2 2 .5  mm fo r  the k i n e t i c  e n e rg y  l e v e l s  of 0 ,  12 .4  and 2 4 .4  J/m^.mm, 
r e s p e c t i v e l y .  The r e s u l t s  a r e  co m p arab le  to  th e  r e s u l t s  in  F ig u re  6  
w here th e  i n f i l t r a t i o n  r a t e  v a lu e  a f t e r  60 m in u te s  f o r  th e  low k i n e t i c  
e n e rg y  l e v e l  (7 .2  J/m^.mm) i s  d o u b le  t h a t  o f  th e  h ig h  k i n e t i c  en e rg y  
l e v e l  (2 4 .4  J/m^ .mm).
The amount of w a te r  i n f i l t r a t e d  under th e  ze ro  k i n e t i c  en e rg y  
l e v e l  i s  h ig h  compared to th e  o t h e r  t r e a t m e n t s .  T h is  r e s u l t s  from not 
d e v e lo p in g  a  s u r f a c e  s e a l  i n  th e  p r o t e c t e d  t r e a t m e n t s  which a l lo w s  th e  
w a te r  to  i n f i l t r a t e  r a p i d l y .  C u m u la t iv e  i n f i l t r a t i o n  i n t o  Lowry s i l t  
loam w i th  a p r o t e c t e d  s u r f a c e  was l e s s  th a n  th e  amount a p p l i e d .  As 
m en t io n ed  p r e v io u s l y ,  some s p r a y  was o b se rv e d  coming th ro u g h  th e  s c r e e n  
and th e  k i n e t i c  en e rg y  was no t  z e r o .  T h is  may a c c o u n t  f o r  the  
d e v i a t i o n  of the  co v e red  i n f i l t r a t i o n  from the- a p p l i c a t i o n  c u rv e  fo r  
Lowry s i l t  loam.
2 . K i n e t i c  Energy E f f e c t s  on Time to  R u noff  and Time to  I n f i l t r a t e  50 
mm o f  Water
a .  Time to  s u r f a c e  r u n o f f  (T rn )
The time to ru n o f f  i s  th e  t im e from the  b e g in n in g  of th e  r a i n ­
f a l l  a p p l i c a t i o n  u n t i l  r u n o f f  b e g i n s .  The t im e to  r u n o f f  (m in u te s )  f o r
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d i f f e r e n t  k i n e t i c  en e rg y  r a t e s  (J/m^.mm) i s  shown i n  T ab le  8 . As th e  
k i n e t i c  e n e rg y  r a t e  i n c r e a s e s ,  th e  t im e  to  ru n o f f  d e c r e a s e s .  The 
t o t a l  e n e rg y  which th e  s u r f a c e  a g g r e g a t e s  r e c e i v e d  from d i f f e r e n t  
l e v e l s  o f  r a i n f a l l  k i n e t i c  e n e rg y  d e te rm in e d  th e  t im e  to r u n o f f .  High
k i n e t i c  en e rg y  l e v e l s  r e q u i r e d  a  s h o r t  t im e  to  a c h ie v e  th e  amount of 
e n e r g y  needed to  b re a k  down the  a g g r e g a t e s  and s t a r t  r u n o f f .  On th e  • 
o t h e r  h and ,  low k i n e t i c  e n e rg y  a p p l i c a t i o n s  ta k e  more t im e to  accumu­
l a t e  th e  same amount of e n e rg y  r e q u i r e d  to b re ak  down th e  a g g r e g a te s  
and  form the  s u r f a c e  s e a l .
A l i n e a r  r e g r e s s i o n  e q u a t io n  was o b ta in e d  to  d e s c r i b e  th e  r e l a ­
t i o n s h i p  between KE and T r n .  The r e g r e s s i o n  i s  shown in  F ig u re  15 and 
h a s  an = 0 .2 8  and t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  a t  th e  5% l e v e l  
(T a b le  A2, A ppend ix ) .  The l i n e a r  e q u a t i o n  i s :
T rn  = 10.9  -  0 .1 4 5  KE (3 5 )
w here Trn i s  th e  tim e to  r u n o f f  (m in u te s )  and KE i s  th e  k i n e t i c  en e rg y
r a t e  (J /m ^.m m ). The ze ro  k i n e t i c  en e rg y  d a t a  was n o t  e n t e r e d  i n t o  the
r e g r e s s i o n  because  t h e r e  was no ru n o f f  un d er  t h i s  l e v e l  o f  e n e rg y  on 
t h e  V ienna  loam s o i l .
As e x p la in e d  e a r l i e r ,  th e  p h y s i c a l  p r o p e r t i e s  of th e  s o i l  and 
r a i n d r o p  im pact  a r e  the  m ajo r  f a c t o r s  a f f e c t i n g  the  a g g r e g a t e s '  s t a b i ­
l i t y  and th e  e s t a b l i s h m e n t  o f  r u n o f f .  The s u r f a c e  a g g r e g a t e s  were 
w e t t e d  and as th e y  ap p ro ach ed  s a t u r a t i o n  th ey  broke down under the 
a c t i o n  of r a in d r o p  i m p a c t . The f i n e  p a r t i c l e s  were th en  washed i n t o  
t h e  p o r e s ,  r e d u c in g  t h e i r  volum e. As a r e s u l t ,  th e  i n f i l t r a t i o n  r a t e  
d e c r e a s e d ,  w a te r  s t a r t e d  ponding on th e  s u r f a c e  and ru n o f f  began .
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T a b le  8 . K i n e t i c  e n e rg y  r a t e  (KE), t im e  to  ru n o f f  ( T r n ) ,  t o t a l  k i n e t i c  
e n e rg y  (eK E), t im e  to  i n f i l t r a t e  50 mm of w a te r  (T5 0 ) and 
f i n a l  i n f i l t r a t i o n  r a t e  ( i )  f o r  V ienna  loam (mean of 4 ,  2 ,
3 ,  5 , 
2 4 .4 ,
3 and 5 p l o t s  f o r  
r e s p e c t i v e l y ) .
th e  KE o f  0 , 7 . 2 ,  8 . 2 ,  1 2 .4 , 19 .4  and
KE Trn eke* T50 i
( J/m^.mm) m in u te s J/m^ m in u te s mm/ h r
0 ------ -------- 2 0 . 6 ------
7 .2 1 0 . 0 1 78 .2 2 5 .0 5 0 .0
8 . 2 14 .0 2 4 5 .1 2 8 .0 4 5 .0
1 2 .4 8 .9 2 7 0 .0 3 4 .4 4 1 .0
1 9 .4 8 .3 3 3 1 .3 5 0 .3 2 9 .0
2 4 .4 7 .5 3 7 7 .3 7 2 .3 2 3 .0
* T o ta l  k i n e t i c  e n e rg y  s t r i k i n g  th e  s u r f a c e  i s  a s t r a i g h t  l i n e  and 
c a l c u l a t e d  as f o l l o w s :
EKE = KE*P*T (34 )
w here  EKE and KE a r e  d e f in e d  ab o v e ,  P i s  th e  r a i n f a l l  i n t e n s i t y  (mm/hr) 
and T i s  th e  t im e of e x p o s in g  ( h o u r s ) .
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b . Time t o  i n f i l t r a t e  50 mm o f  w a te r
The t im e to  i n f i l t r a t e  50 mm o f  w a te r  i s  th e  t im e from the  
b e g in n in g  of th e  r a i n f a l l  a p p l i c a t i o n  u n t i l  th e  i n f i l t r a t i o n  o f  50 mm 
i n t o  th e  s o i l  p r o f i l e .  As th e  k i n e t i c  e n e rg y  r a t e  i n c r e a s e s  from ze ro  
t o  2 4 .4  J/m2 .mm th e  t im e to  i n f i l t r a t e  50 mm of w a te r  a l s o  i n c r e a s e s
a s  shown in  F ig u re  16. T h is  i s  a n o th e r  example o f  th e  e f f e c t s  of
k i n e t i c  e n e rg y  on the  i n f i l t r a t i o n  r a t e  and th e  amount of w a te r  p a s s in g  
th ro u g h  th e  s o i l  s u r f a c e  d u r in g  an i r r i g a t i o n .  The r e s u l t s  show t h a t  
t h e  s e a l  was formed f a s t e r  under  h ig h  k i n e t i c  e n e rg y  l e v e l s  which s low
t h e  e n t r y  of w a te r  th ro u g h  th e  s u r f a c e .
A r e g r e s s i o n  e q u a t i o n  was d ev e lo p e d  to  d e s c r i b e  th e  r e l a t i o n s h i p  
o f  r a i n f a l l  e n e rg y  and t im e  to  i n f i l t r a t e  50 mm of w a te r  f o r  d i f f e r e n t
l e v e l s  o f  r a i n f a l l  e n e rg y .  The e q u a t i o n  i s :
T5 0  = 2 1 .1 4  + 0 . 1 1  KE + 0 .0 8  KE2  (3 6 )
w here  T5 0  i s  th e  t im e to  i n f i l t r a t e  50 mm of w a te r  ( m in u te s )  and KE i s
th e  k i n e t i c  e n e rg y  r a t e  (J /m 2 .mm). The r e l a t i o n s h i p  of T5 Q and KE has 
an  R2  o f  0 .8 9  and th e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  a t  th e  5% l e v e l  
(T a b le  A3, A p p en d ix ) .
The k i n e t i c  en e rg y  r a t e ,  t im e  to r u n o f f ,  t o t a l  k i n e t i c  e n e rg y  a t  
r u n o f f ,  T5 0  and n ea r  f i n a l  i n f i l t r a t i o n  r a t e  a re  shown e a r l y  in  T ab le  
8 . I n c r e a s i n g  th e  k i n e t i c  e n e rg y  r a t e  ( J /m 2 .mm) w i l l  i n c r e a s e  th e  
t o t a l  e n e rg y  ( J /m 2 ) s t r i k i n g  th e  s o i l  s u r f a c e  a t  th e  tim e of ru n o f f  
w hich  i n d i c a t e d  t h a t  th e  k i n e t i c  e n e rg y  r e q u i r e d  to  b re ak  down the  
a g g r e g a t e s  and s t a r t  r u n o f f  was d i f f e r e n t  w i th  d i f f e r e n t  l e v e l s  of 
r a i n f a l l  e n e rg y .  The t im e  to  s u r f a c e  ru n o f f  d e c r e a s e d  w i th  i n c r e a s i n g
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Time t o  i n f i l t r a t e  50 mm o f  w a te r  v s .  k i n e t i c  e n e rg y  
D ry - b a re  s u r f a c e  
V ien n a  loam
•  O bserved  d a t a
P r e d i c t e d  d a t a
0 .  89
0 20 255 10 15
KE, J/m^.mm
F ig u re  16, Time to  i n f i l t r a t e  50 mm w a te r  w i t h  d i f f e r e n t  k i n e t i c  
e n e rg y  l e v e l s  and  c o n s t a n t  i n t e n s i t y .
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k i n e t i c  e n e rg y  r a t e .  The n ea r  s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  d e c r e a s e d  
a s  th e  k i n e t i c  en e rg y  r a t e  and t o t a l  k i n e t i c  en e rg y  i n c r e a s e d .  The 
t im e  to  i n f i l t r a t e  50 mm of w a te r  i n c r e a s e d  w i th  i n c r e a s i n g  k i n e t i c  
e n e rg y  r a t e  and t o t a l  e n e rg y .
3. E f f e c t  o f  R a i n f a l l  I n t e n s i t y  on S e a l  D evelopment and th e  F i n a l  
I n f i l t r a t i o n  R a te
a .  S e a l  d eve lopm en t and a c c u m u la t iv e  e n e rg y  a s  a f f e c t e d  by r a i n ­
f a l l  i n t e n s i t y .
The r e l a t i o n s h i p  of i n f i l t r a t i o n  r a t e  as a  f u n c t i o n  of tim e fo r  
d i f f e r e n t  l e v e l s  of r a i n f a l l  a p p l i c a t i o n  r a t e  a re  shown in  F ig u re s  17 
and 18 f o r  th e  two l e v e l s  o f  k i n e t i c  e n e rg y  7 .2  and 12 .4  J/m^.mm, 
r e s p e c t i v e l y .  The i n f i l t r a t i o n  r a t e s  d e c re a s e d  a f t e r  r u n o f f  s t a r t e d  
f o r  a l l  i n t e n s i t y  l e v e l s ,  but w i th  d i f f e r e n t  v a lu e s  r e l a t i v e  to  the  
i n i t i a l  r a i n f a l l  i n t e n s i t y .  The e f f e c t s  of r a i n f a l l  i n t e n s i t y  l e v e l s  
on th e  s o i l  s u r f a c e  and th e  i n f i l t r a t i o n  r a t e  can be e x p la in e d  by th e  
t im e  to r u n o f f  and nea r  s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  f o r  the  two 
l e v e l s  of e n e rg y  i n  F ig u re s  17 and 18 . As th e  r a i n f a l l  i n t e n s i t y  
d e c r e a s e s  th e  time to ru n o f f  i n c r e a s e s  r a p i d l y .  The s e a l  d ev e lo p ed  
f a s t e r  under h ig h  i n t e n s i t i e s  compared to  th e  low r a i n f a l l  i n t e n s i t y .  
T h is  phenomenon i s  a r e s u l t  of th e  t o t a l  k i n e t i c  e n e rg y  s t r i k i n g  the  
s o i l  s u r f a c e  and m ee tin g  th e  e n e rg y  re q u i r e m e n t  f o r  a g g r e g a te  breakdown 
and s e a l  f o r m a t io n .  There  a r e  d i f f e r e n c e s  i n  th e  k i n e t i c  en e rg y  
r e q u i r e d  to b re ak  down a g g r e g a t e s  f o r  d i f f e r e n t  r a i n f a l l  i n t e n s i t i e s .
As th e  i n t e n s i t y  d e c r e a s e s  th e  amount o f  e n e rg y  r e q u i r e d  to b re a k  down 
a g g r e g a t e s  i n c r e a s e s .  For exam ple ,  when th e  i n t e n s i t y  dropped  from 147 
t o  5 3 .4  mm/hr in  T ab le  9 ,  th e  t o t a l  e n e rg y  r e q u i r e d  to b reak  down
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k i n e t i c  en e rg y  (1 2 .4  J/m^.m) (mean o f  3 p l o t s ) .
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T a b le  9 .  I n t e n s i t y ,  t im e  to  r u n o f f  and t o t a l  k i n e t i c  e n e rg y  a t  r u n o f f  
f o r  d r y - b a r e  V ienna  loam t r e a t m e n t s  w i th  a  k i n e t i c  e n e rg y  
r a t e  of 1 2 .4  J /m 2 .mm (mean of 3 p l o t s ) .
I n t e n s i t y
(mm/hr)
Time to  ru n o f f  
(m in u te s )
T o t a l  k i n e t i c  e n e rg y  
( J /m 2 )
1 4 7 .0 8 .9 270
101 .4 1 7 .0 356
5 3 .4 4 7 .5 524
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a g g r e g a t e s  i n c r e a s e d  from 270 to  524 J/m^.mm, r e s p e c t i v e l y  f o r  the  
k i n e t i c  e n e rg y  r a t e  1 2 .4  J/m^.mm. The r e s u l t s  i n  T ab le  9 show a s im i ­
l a r i t y  to  th e  r e s u l t s  i n  T a b le  10. As th e  i n t e n s i t y  i s  red u ced  from 
150 mm/hr to  4 3 .5  mm/hr, th e  t o t a l  k i n e t i c  en e rg y  i n c r e a s e s  from 
178 t o  454 J/m^.mm. At th e  low k i n e t i c  e n e rg y  r a t e  ( 7 .2  J/m^.mm) and 
low  r a i n f a l l  i n t e n s i t y  ( 4 3 . 5  mm/hr) t h e r e  was a lm o s t  no r u n o f f ,  
s u g g e s t i n g  l i t t l e  s e a l  dev e lo p m en t un d er  t h i s  c o m b in a t io n .  Thompson 
and Jam es (1 9 8 3 )  a l s o  found t h a t  th e  t o t a l  r a i n f a l l  en e rg y  s t r i k i n g  the  
s o i l  s u r f a c e  to  th e  b e g in n in g  of r u n o f f  i n c r e a s e d  as the  a p p l i c a t i o n
r a t e  d e c r e a s e d .  Thus, t h e s e  r e s u l t s  showed t h a t  th e  e n e rg y  r e q u i r e d  to
b r e a k  down a g g r e g a t e s  and i n i t i a t e  r u n o f f  a r e  d i f f e r e n t  f o r  d i f f e r e n t  
r a i n f a l l  i n t e n s i t i e s  but th e  same k i n e t i c  e n e rg y  r a t e .
Low w a te r  a p p l i c a t i o n  i n t e n s i t i e s  t o g e t h e r  w i th  t h e i r  c o r r e ­
sp o n d in g  k i n e t i c  e n e r g i e s  ta k e  a l o n g e r  t im e  to  b re a k  down enough a g g r e ­
g a t e s  and cau se  w a te r  s a t u r a t i o n  a t  th e  s u r f a c e  th an  h ig h e r  i n t e n ­
s i t i e s .  At s a t u r a t i o n ,  a g g r e g a t e  breakdown i s  v e ry  r a p id  r e s u l t i n g  in  
f a s t  s e a l  deve lopm en t ( F r a n c i s  and C ru s e ,  1 9 8 3 ) . ’ T h is  s c e n a r i o  
e x p l a i n s  th e  d i f f e r e n t  l e n g t h s  o f  h o r i z o n t a l  l i n e s  on the  i n f i l t r a t i o n  
r a t e  c u rv e s  fo l lo w e d  by a  v e r y  r a p id  d e c r e a s e  in  th e  i n f i l t r a t i o n  r a t e .
T h is  phenomenon would s u g g e s t  t h a t  a d rop  s i z e  d i s t r i b u t i o n  w ith
a  low enough c o m b in a t io n  o f  i n t e n s i t y  and k i n e t i c  e n e rg y  ( s p e c i f i c  
pow er) cou ld  be found which would no t  p roduce  any r u n o f f  w h ile  a 
s l i g h t l y  h ig h e r  s p e c i f i c  power m ight p ro d u ce  c o n s i d e r a b l e  r u n o f f .
The t o t a l  k i n e t i c  e n e rg y  r e q u i r e d  to  b re a k  down a g g r e g a t e s  w ith  
s i m i l a r  i n t e n s i t y  and two l e v e l s  o f  k i n e t i c  e n e rg y  f o r  V ienna loam and
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T a b le  10. I n t e n s i t y ,  t im e  to  r u n o f f  and t o t a l  k i n e t i c  en e rg y  a t  ru n o f f  
f o r  d r y - b a r e  V ien n a  loam t r e a t m e n t s  w i th  a  k i n e t i c  en e rg y  
r a t e  o f  7 .2  J /m 2 .mm (mean o f  2 p l o t s ) .
I n t e n s i t y  
(m m /hr)
Time to  ru n o f f  
(m in u te s )
T o ta l  k i n e t i c  en e rg y  
( J /m 2 )
15 0 .0 1 0 . 0 178
7 9 .8 3 3 .0 314
4 3 .5 8 7 .0 454
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Lowry s i l t  loam a r e  shown i n  T ab le  11 . V ienna loam r e q u i r e d  more than  
tw ic e  th e  t o t a l  k i n e t i c  e n e rg y  r e q u i r e d  by Lowry s i l t  loam . This  
r e s u l t  i s  s u p p o r te d  by th e  a g g r e g a t e  s t a b i l i t y  d a t a  r e p o r t e d  e a r l i e r  in  
w hich  V ienna loam had a  h i g h e r  a g g r e g a t e  s t a b i l i t y  th a n  Lowry s i l t  
loam .
The r e l a t i o n s h i p  o f  r a i n f a l l  i n t e n s i t y  (mm/hr) and th e  t im e to  
r u n o f f  f o r  V ienna loam i s  shown i n  F ig u r e  19. As th e  a p p l i c a t i o n  r a t e  
d e c r e a s e s  th e  tim e to r u n o f f  i n c r e a s e s .  T h is  r e s u l t  i n d i c a t e d  t h a t  the  
s e a l  d e v e lo p in g  v e ry  s low  w i th  low r a i n f a l l  i n t e n s i t y  and ta k e s  more 
t im e  to meet th e  e n e rg y  r e q u i r e d  f o r  a g g r e g a t e  breakdown and the 
b e g in n in g  of s u r f a c e  r u n o f f .
An h y p e r b o l i c  e q u a t io n  betw een  a p p l i c a t i o n  r a t e  and tim e to  
r u n o f f  gave a  good f i t  to  th e  d a t a .
a  ^  (3 7 )P = ^ - 2  + 43 
Lrn
o r  in  a n o th e r  form:
Trn  = ( ! „  y / 2
P-43  (3 8 )
w here P i s  th e  r a i n f a l l  i n t e n s i t y  (m m /h r) ,  Trn i s  th e  tim e to  ru n o f f  
( m in u te s )  and a  i s  a  c o n s t a n t  o f  v a lu e  14670.
b .  F i n a l  i n f i l t r a t i o n  r a t e  r e s u l t i n g  from s u r f a c e  s e a l  deve lopm ent 
and r a i n f a l l  i n t e n s i t y .
A com parison  of d i f f e r e n t  r a i n f a l l  i n t e n s i t i e s  w i th  th e  n ea r
s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  f o r  d i f f e r e n t  s o i l  s u r f a c e  c o n d i t i o n s
a c r o s s  two l e v e l s  of k i n e t i c  e n e rg y  i s  p r e s e n te d  in  T ab le s  12 and 13.
At th e  h ig h  r a i n f a l l  i n t e n s i t y  and a t  a k i n e t i c  en e rg y  l e v e l  of 12 .4
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T ab le  11. T o ta l  k i n e t i c  e n e rg y  r e q u i r e d  to  b re a k  down a g g r e g a te s  f o r
two k i n e t i c  e n e rg y  r a t e s  i n  V ienna  loam and Lowry s i l t  loam.
K i n e t i c  e n e rg y  r e q u i r e d  (J /m 2 )  1 /
K i n e t i c  e n e rg y  r a t e
1 2 .4  24 .4
S o i l  ty p e ------------------- ( J /m ^ .m m ) --------------------
V ienna  loam 270 377
Lowry s i l t  loam 107 137
1 /  The v a lu e s  were a v e ra g e  o f  3 and 4 p l o t s  f o r  Lowry and V ienna  s o i l s ,  
r e s p e c t i v e l y .
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T a b le  12. I n t e n s i t y  and th e  s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  fo r
V ienna  loam w i th  d i f f e r e n t  ba re  s u r f a c e  c o n d i t i o n s  and 
c o n s t a n t  k i n e t i c  e n e rg y  r a t e  (1 2 .4  J/m^.mm) (mean o f  3 
p l o t s ) .
R a i n f a l l N ear s t e a d y  s t a t e i n f i l t r a t i o n r a t e  (mm/hr)
i n t e n s i t y  
(m m /hr)
Dry s u r f a c e  
1 s t  ru n
Wet s u r f a c e  
2 nd ru n
Wet s u r f a c e  
3 rd  ru n
1 4 7 .0 32 2 1 18
101 .4 36 2 2 14
5 3 .4 2 2 2 0 14
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T a b le  13. I n t e n s i t y  and th e  s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  fo r
V ienna  loam w i th  d i f f e r e n t  b a r e  s u r f a c e  c o n d i t i o n s  and 
c o n s t a n t  k i n e t i c  e n e rg y  r a t e  ( 7 .2  J/ra^.mm) (mean of 2 
p l o t s ) .
R a i n f a l l N ear s t e a d y  s t a t e  i n f i l t r a t i o n r a t e  (mm/hr)
i n t e n s i t y
(mm/hr)
Dry s u r f a c e  
1 s t  ru n
Wet s u r f a c e  
2 nd ru n
Wet s u r f a c e  
3 rd  ru n
1 5 0 .0 52 31 30
7 9 .8 59 58 48
4 3 .5 43 38 —
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J/m ^ .mm (T a b le  1 2 ) ,  th e  n e a r  s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  was reduced  
t o  2 0 % o f  th e  r a i n f a l l  a p p l i c a t i o n  r a t e  on th e  f i r s t  run on a d r y -  
t i l l e d  s o i l  s u r f a c e .  The s e a l  d ev e lo p e d  w i th  t im e  u n t i l  i t  reduced  th e  
i n f i l t r a t i o n  r a t e  to  i t s  f i n a l  v a l u e .  D uring th e  second and t h i r d  ru n s  
f o r  th e  same t r e a t m e n t ,  t h e  n e a r  s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  was 
re d u c e d  to  14% and 12% o f  th e  i n i t i a l  r a i n f a l l  a p p l i c a t i o n  r a t e ,  
r e s p e c t i v e l y .  At a  low i n t e n s i t y  ( 5 3 .4  m m /hr) ,  th e  n ea r  s t e a d y  s t a t e  
i n f i l t r a t i o n  r a t e  was re d u ced  to 40%, 38% and 20% f o r  the  f i r s t ,  second 
and t h i r d  r u n s ,  r e s p e c t i v e l y .  T here  was a s l i g h t  d e c r e a s e  in  the  f i n a l  
i n f i l t r a t i o n  r a t e  a f t e r  th e  f i r s t  run  ( d r y - b a r e ) .  T h is  phenomenon 
i n d i c a t e d  t h a t  th e  s e a l  had re ach e d  a c o n s t a n t  t h i c k n e s s  by th e  end of 
t h e  f i r s t  run  ( d r y - b a r e ) .
With a low k i n e t i c  e n e rg y  7 .2  J/m^.mm (T a b le  1 3 ) ,  th e  i n f i l t r a ­
t i o n  r a t e  was red u ced  to 34%, 20% and 20% o f  th e  i n i t i a l  v a lu e  fo r  
f i r s t ,  second and t h i r d  r u n s ,  r e s p e c t i v e l y  w i th  a h ig h  r a i n f a l l  a p p l i ­
c a t i o n  (150 m m /hr) .  At a low r a i n f a l l  a p p l i c a t i o n  ( 4 3 .5  m m /hr) ,  the  
n e a r  s t e a d y  s t a t e  i n f i l t r a t i o n  r a t e  was reduced  to 98% and 87% f o r  the  
f i r s t  and second r u n s ,  r e s p e c t i v e l y .
In  g e n e r a l ,  t h e r e  i s  a  r e d u c t i o n  i n  th e  f i n a l  i n f i l t r a t i o n  r a t e  
f o r  th e  t h r e e  s o i l  s u r f a c e  c o n d i t i o n s  which a r e  d e s c r i b e d  in  T a b le s  12 
and 13. But th e  r e d u c t i o n  i s  l e s s  when the  r a i n f a l l  a p p l i c a t i o n  i s  
r e d u c e d  w ith  bo th  l e v e l s  o f  k i n e t i c  e n e rg y .  T h is  phenomenon i n d i c a t e d  
t h a t  th e  r a i n f a l l  e n e rg y  im p ac t  was lo w er  w i th  low i n t e n s i t y  and the  
s o i l  s u r f a c e  was n o t  s e a le d  as much as  by th e  h ig h  i n t e n s i t i e s .  This 
was d i s c u s s e d  f u r t h e r  under  the  s e c t i o n  c o n c e rn in g  th e  time to r u n o f f .
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The r e d u c t i o n  i n  i n f i l t r a t i o n  r a t e  was low er w i th  th e  low k i n e t i c  
e n e rg y  l e v e l  compared to th e  h ig h  e n e rg y  l e v e l  f o r  th e  t h r e e  s o i l  s u r ­
f a c e  c o n d i t i o n s .
At low i n t e n s i t y  ( 4 3 . 5  mm/hr) (T a b le  1 3 ) ,  th e  i n f i l t r a t i o n  r a t e  
was v e ry  h ig h  and one of th e  r e p l i c a t i o n s  ran  f o r  1 0 0  m in u te s  w i th o u t  
r u n o f f  on th e  d r y - b a r e  p l o t .  T h e r e f o r e  th e  r e d u c t i o n  i n  th e  i n f i l t r a ­
t i o n  r a t e  was v e ry  low un d er  t h i s  k i n e t i c  en e rg y  and r a i n f a l l  i n t e n ­
s i t y  c o m b in a t io n .
4 .  E f f e c t  o f  S to p p in g  P e r i o d s  on t h e  I n f i l t r a t i o n  P ro c e s s
Two a d d i t i o n a l  co v e red  p l o t s  o f  V ienna loam r e c e iv e d  c o n t in u o u s  
w a te r  a p p l i c a t i o n s  f o r  two hours  each  w i th o u t  r u n o f f .  S im i la r  
a d j o i n i n g  cove red  p l o t s  a l s o  r e c e iv e d  w a te r  a p p l i c a t i o n s  f o r  two hours  
b u t  w i th  two i n t e r r u p t i o n s  a p i e c e  f o r  e i t h e r  1 2  m in u te s  o r  1 hour 
p e r i o d s  ( F ig u r e s  20A and 2 0 B ) . In F ig u r e  20A th e  co v e red  t r e a tm e n t  was 
ru n  f o r  60 m in u te s ,  then  s to p p ed  f o r  1 2  m in u te s  w i th o u t  removing the 
c o v e r  and run a g a in  f o r  30 m in u te s ,  th e n  s to p p ed  f o r  12 m in u te s  and run 
a g a in  f o r  30 m in u te s .  The r u n o f f  s t a r t e d  a f t e r  4 .5  m in u te s  from the 
b e g in n in g  of the  second r a i n f a l l  a p p l i c a t i o n  and th e  i n f i l t r a t i o n  r a t e  
r e a c h e d  more o r  l e s s  a c o n s t a n t  r a t e  o f  abou t  (82 m m /hr) .  A f t e r  the 
seco n d  s to p p in g  p e r io d ,  r u n o f f  began in  4 .5  m in u te s  and the  i n f i l t r a ­
t i o n  r a t e  was f u r t h e r  red u ced  to  abou t  33 mm/hr a f t e r  30 m in u te s .  
S i m i l a r  t r e a tm e n ts  were run wLth one hour s to p p in g  p e r io d s  and s i m i l a r  
r e s u l t s  were o b ta in e d  w ith  s l i g h t l y  h ig h e r  f i n a l  i n f i l t r a t i o n  r a t e  
v a l u e s  as shown in  F ig u re  20B.
Both t r e a t m e n t s ,  th e  c o n t i n u o u s l y  a p p l i e d  w a te r  and the  one w ith
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s t o p p i n g  p e r i o d s ,  s h o u ld  no t  have had s e a l  deve lopm ent becau se  the  s u r ­
f a c e  was p r o t e c t e d  w i th  c h e e se  c l o t h .  However, t h e r e  a r e  s e v e r a l  
p o s s i b l e  r e a s o n s  t h a t  can  be s u g g e s te d  f o r  p ro d u c in g  t h i s  type  of 
phenom enon:
1) A f t e r  s to p p in g  th e  r a i n f a l l  a p p l i c a t i o n  f o r  12 m in u te s  o r  m ore, th e  
w a te r  i n  th e  top  l a y e r  moved down and th e  b ig  p o re s  became empty as 
t h e  w a te r  was r e p l a c e d  by a i r .  When the  w a te r  was r e a p p l i e d  to  the  
s u r f a c e ,  a i r  became e n t r a p p e d  which reduced  w a te r  movement th ro u g h  
t h e  p r o f i l e .  Runoff s t a r t e d  as a r e s u l t  o f  i n f i l t r a t i o n  r a t e  
r e d u c t i o n .
2) D e p o s i t i o n  o f  some f i n e  p a r t i c l e s  i n  th e  s o i l  p o re s  i s  a n o th e r  
p o s s i b l e  e x p l a n a t i o n  f o r  th e  r e d u c t i o n  i n  th e  i n f i l t r a t i o n  r a t e .
3 )  A f t e r  s to p p in g  the  r a i n f a l l  a p p l i c a t i o n ,  t h e r e  m ight be some com­
p a c t i o n  of th e  plowed l a y e r  due to  a  reduced  w a te r  p o t e n t i a l  which 
r e s u l t e d  i n  reduced  p o re  s i z e s  and in c r e a s e d  th e  b u lk  d e n s i t y .  
O ns tad  e t  a l .  (1 9 8 4 )  r e p o r t e d  in  a  s tu d y  o f  s o i l  s u b s id e n c e  t h a t  
h y d r a u l i c  c o n d u c t i v i t y  d e c r e a s e d  w ith  th e  a p p l i c a t i o n  of w a te r ,  
w h i le  b u lk  d e n s i t y  i n c r e a s e d  f o r  a l l  s o i l s  th e y  s t u d i e d .
5 .  Green-Ampt R e s u l t s  and D i s c u s s io n
The i n f i l t r a t i o n  r a t e  as a f u n c t i o n  of t im e f o r  d i f f e r e n t  l e v e l s  
o f  k i n e t i c  e n e rg y  of d r y - b a r e  s u r f a c e  a r e  p r e s e n te d  in  F ig u re s  21-25  
f o r  th e  V ienna  loam and F ig u r e s  26 and 27 f o r  Lowry s i l t  loam . The 
c o m b in a t io n  of d ry  and v a t  b a re  s u r f a c e s  f o r  the  two s o i l s  a r e  shown in  
F ig u r e s  A-A19 (A p p e n d ix ) .  Each f i g u r e  shows th e  c a l c u l a t e d  i n f i l t r a ­
t i o n  r a t e  by th e  m o d if ied  Green-Ampt model a c c o rd in g  to  the co n c ep t  of
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C h i ld s  (1969) as compared Co th e  f i e l d  d a t a .  The p r e d i c t e d  v a lu e s  of 
t h e  i n f i l t r a t i o n  r a t e  b e f o r e  th e  r u n o f f  s t a r t e d  v e r e  low er th a n  th e  
m easu red  v a l u e s .
The c a l c u l a t e d  and m easured  r a i n f a l l  en e rg y  ( J /c m ^ )  accu m u la ted  
on th e  s o i l  s u r f a c e  f o r  d i f f e r e n t  k i n e t i c  e n e rg y  r a t e s  a r e  shown in  
T a b le s  14 and 15 f o r  V ienna  loam and Lowry s i l t  loam , r e s p e c t i v e l y .
The c a l c u l a t e d  en e rg y  (EOP) was p r e d i c t e d  by th e  m o d if ied  Green-Ampt 
model when th e  i n i t i a l  s e a l  c o n d u c t i v i t y  (Ko) was reduced  to two tim es  
t h e  f i n a l  s e a l  c o n d u c t i v i t y  ( K f ) .  As th e  k i n e t i c  e n e rg y  r a t e  (J/m^.mm) 
i n c r e a s e s  th e  v a lu e  o f  EOP ( J /c m ^ )  d e c r e a s e s .  T h is  phenomenon i n d i ­
c a t e d  t h a t  th e  use of th e  s m a l l  n o z z le  ( lo w  k i n e t i c  e n e rg y  r a t e )  
r e q u i r e d  more e n e rg y  to  re d u ce  th e  Ko to 2 .K f  compared w i th  th e  l a r g e  
n o z z le  ( h ig h  k i n e t i c  e n e rg y  r a t e ) .  The k i n e t i c  e n e rg y  r a t e  and EOP 
r e l a t i o n s h i p  i s  shown i n  F ig u re  28 .
The m easured r a i n f a l l  s e a l i n g  e n e rg y ,  E ( t )  was c a l c u l a t e d  as 
f o l l o w s :
E ( t )  = KE’ P 'T i  (3 9 )
w here  KE i s  th e  r a i n f a l l  e n e rg y  r a t e  (J /ra^.m m ), P i s  th e  r a i n f a l l  
i n t e n s i t y  (mm/hr) and T i  i s  th e  t im e ( h r s )  f o r  Kc to  red u ce  from Ko to  
2*K f. The r a i n f a l l  s e a l i n g  e n e rg y  E ( t )  was found to  be s i m i l a r  f o r  a l l  
k i n e t i c  e n e rg y  l e v e l s  w i t h i n  the  same s o i l  t h e r e f o r e ,  i t  i s  a good 
p a r a m e te r  to  d e s c r i b e  th e  s o i l  s e a l  f o r m a t io n .  The a v e rag e  v a lu e s  of 
E ( t )  f o r  V ienna  loam and Lowry s i l t  loam a re  0 .1 2  and 0 .0 7  ( J / c m ^ ) ,  
r e s p e c t i v e l y .  I t  i s  im p o r ta n t  to  n o t i c e  t h a t  th e  s e a l  fo rm a tio n  in  
b o th  s o i l s  can be d e s c r i b e d  by th e s e  two v a lu e s  of s e a l i n g  en e rg y  E ( t ) .
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T ab le  14. C a l c u l a t e d  and m easured  t o t a l  e n e rg y ,  k i n e t i c  e n e rg y  r a t e
(K E ), and c o n v e r s io n  f a c t o r  (CF) f o r  d i f f e r e n t  n o z z le  s i z e s  
i n  V ienna loam s o i l .
N ozzle
number
K i n e t i c
e n e rg y
(J/m^.nun)
C a l c u l a t e d  
e n e r g y ( J /cm ^ )  
EOP 1/
M easured 
e n e rg y ( J /c m ^ )  
E ( t )  2 /
C o n v ers io n  
f a c t o r  
(CF) 3 /
V e e je t  8010 7 .2 0 .3 5 0 . 1 1 0 .31
V e e je t  8020 8 . 2 0 .2 7 0 . 1 0 0 .3 7
V e e je t  8030 1 2 .4 0 .2 5 0 .1 3 0 .5 2
V e e je t  8070 1 9 .4 0 .1 8 0 .1 4 0 .7 8
V e e je t  80150 2 4 .4 0 . 1 2 0 . 1 1 0 .9 2
A verage 0 . 1 2
1 /  EOP i s  th e  accu m u la ted  e n e rg y  when Kc = 2 .0  Kf and i s  c a l c u l a t e d  from 
t h e  com puter m odel.
2 /  E ( t )  i s  th e  m easured e n e rg y  and c a l c u l a t e d  as f o l l o w s :
E ( t )  = K E .P .T i
w here  P i s  th e  r a i n f a l l  i n t e n s i t y  (mm/hr) and T i  Ls th e  tim e ( h r s )  
when Kc = 2 K f .
3 /  C o n v e rs io n  f a c t o r  (CF) = -§ 4 ^
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T a b le  15. C a l c u l a t e d  and m easured  t o t a l  e n e rg y ,  k i n e t i c  en e rg y  r a t e  
(K E ) , and c o n v e rs o n  f a c t o r  (CF) f o r  two n o z z le  s i z e s  in  
Lowry s i l t  loam .
N o zz le
number
K i n e t i c  
e n e rg y  
(J/m^.mm)
C a l c u l a t e d  
e n e rg y ( J /c m ^ )  
EOP 1 /
M easured 
e n e rg y ( J /c m ^ )  
E ( t )  2 /
C o n v ers io n  
f a c t o r  
(CF) 3 /
V e e je t  8030 1 2 .4 0 . 1 2 0 .0 6 0 .5 8
V e e je t  80150 2 4 .4 0 .0 8 0 .0 8 1 . 0 0
A verage 0 .0 7
1 /  EOP i s  th e  ac cu m u la ted  e n e rg y  when Kc = 2 .0  Kf and i s  c a l c u l a t e d  
from  th e  com puter m o d e l .
2 /  E ( t )  i s  th e  m easured e n e rg y  and c a l c u l a t e d  as f o l l o w s :
E ( t )  = K E .P .T i
w here P i s  th e  r a i n f a l l  i n t e n s i t y  (mm/hr) and T i  i s  th e  tim e ( h r s )  
when Kc = 2Kf.
3 /  C o n v e rs io n  f a c t o r  (CF) = E ( t )
EOP
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Figure 28 . Total k in e t ic  energy (EOP) as a fu n ctio n  o f k in e t ic  
energy ra te  (KE).
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The s e a l i n g  e n e rg y  of V ienna  loam i s  0 .1 2  J/cm ^ and o f  Lowry s i l t  loam 
i s  0 .0 7  J /cm ^ .
When u s in g  the  m o d if ie d  Green-Ampt model a p p ro ach  f o r  i n f i l t r a ­
t i o n ,  th e  c o n s t a n t  E ( t )  v a lu e s  o b ta in e d  i n  t h i s  s tu d y  a r e  a s i g n i f i c a n t  
a d v a n c e .  I f  th e  E ( t )  v a lu e s  s h o u ld  ho ld  c o n s t a n t  f o r  o t h e r  s o i l s  a l s o ,  
th e n  E ( t )  cou ld  be used as  a g e n e r a l  c h a r a c t e r i z i n g  s o i l  s e a l i n g  
c o n s t a n t .  Perhaps E ( t )  v a lu e s  c o u ld  be c o r r e l a t e d  w i th  s t a n d a r d  s o i l  
p h y s i c a l  p r o p e r t i e s  so E ( t )  co u ld  be p r e d i c t e d  and p u b l i s h e d  t o r  o t h e r  
s o i l s .
As a r e s u l t  of th e  d i f f e r e n c e s  betw een th e  c a l c u l a t e d  en e rg y  
(EOP) and the  measured e n e rg y  E ( t ) ,  a  c o n v e r s io n  f a c t o r  (CF) was used 
t o  r e l a t e  EOP to  E ( t ) .  T h e r e f o r e ,  th e  e n e rg y  fo rm u la  of W ischmier and 
Sm ith  (1978) cou ld  be r e w r i t t e n  as f o l l o w s :
EOA = CF (0 .0 2 0 6 2  + 0 .00379  l n P ) . P . t  (4 0 )
w here  EOA i s  th e  a c c u m u la t iv e  e n e rg y  w i th  r e s p e c t  to  th e  t im e ,  CF i s  
t h e  c o n v e r s io n  f a c t o r ,  P i s  th e  r a i n f a l l  i n t e n s i t y  and t  i s  th e  tim e 
( h r s ) .  W ischm eier and Smith  (1978) e q u a to n  co u ld  be used w i th o u t  a 
c o n v e r s io n  f a c t o r  o n ly  f o r  the h ig h  k i n e t i c  e n e rg y  l e v e l  (2 4 .4  J/m^ mm) 
a s  shown in  T ab le s  14 and 15. The co m p o s i te  h y d r a u l i c  c o n d u c t i v i t y  of 
t h e  s e a l  sh o u ld  be a l s o  c o r r e c t e d  by th e  c o n v e r s io n  f a c t o r  and e q u a t io n  
14 becomes:
Kc = (Ko -  Kf) E x p [ - D .B . (1 —| ^ ) . C F . | 2 | ]  + Kf (4 1 )
w here a l l  te rm s  were d e f in e d  p r e v i o u s l y .
As shown in  E q u a t io n  2 7 ,  Kf i s  s t r o n g l y  d ep e n d en t  on th e  v a lu e  
o f  PFc, the  s o i l  w a te r  p o t e n t i a l  b en e a th  th e  s e a l .  As t h i s  p a ra m e te r
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i s  d i f f i c u l t  to  m easure  i t s  v a lu e  i s  o b t a in e d  by t r i a l  and e r r o r  
th r o u g h  th e  com puter model by m a tch in g  th e  s im u la te d  ru n o f f  and the  
f i n a l  h y d r a u l i c  c o n d u c t i v i t y  w i th  th e  m easured r u n o f f  and th e  f i n a l  
h y d r a u l i c  c o n d u c t i v i t y .  S in ce  PFc i s  an e s t im a te d  p a r a m e te r ,  Kf i s  
a l s o  e s t i m a t e d  vAiich r e s u l t s  i n  an e s t i m a t e d  EOP v a l u e .  The v a lu e  of 
T i  i n  e q u a t i o n  (39) i s  a l s o  d ep e n d en t  on Kf and t h e r e f o r e ,  E ( t )  i s  
i n d i r e c t l y  d ep en d en t  on PFc. I t  i s  s i g n i f i c a n t  t h a t  the  measured 
e n e rg y  p a r a m e te r s  E ( t )  a r e  a lm o s t  i d e n t i c a l  under d i f f e r e n t  n o z z le s  f o r  
t h e  two s o i l s  (T a b le s  14 and 1 5 ) .  T h is  i s  f u r t h e r  e v id e n c e  t h a t  the  
t h e o r e t i c a l  a n a l y s i s  p r o v id e s  a good model to  d e s c r i b e  th e  i n f i l t r a t i o n  
p r o c e s s  under  a s o i l  s e a l .
V ienna  loam has h ig h e r  v a lu e s  of r a i n f a l l  s e a l i n g  en e rg y  EOP and 
E ( t )  compared to  Lowry s i l t  loam . T h is  d i f f e r e n c e  c o r re s p o n d s  to  the  
d i f f e r e n c e  i n  th e  p h y s i c a l  p r o p e r t i e s  of th e  two s o i l s .  The s t a b l e  
a g g r e g a t e  p e r c e n t a g e s  o f  V ienna  loam and Lowry s i l t  loam a re  89% and 
73%, and th e  u n s t a b l e  a g g r e g a t e  p e r c e n t a g e s  ( 1 0 0 - a g g r e g a t e  s t a b i l i t y )  
a r e  11% and 27% f o r  V ienna  loam and Lowry s i l t  loam , r e s p e c t i v e l y .  The 
p e r c e n t a g e  of u n s t a b l e  a g g r e g a t e ,  th e  av e ra g e  r a i n f a l l  s e a l i n g  en e rgy  
E ( t )  and th e  a v e ra g e  p a r t i c l e  s i z e  d i s t r i b u t i o n  a r e  p r e s e n te d  in  Tab le  
16. As th e  u n s t a b l e  a g g r e g a te  p e r c e n ta g e  i n c r e a s e d  from 11% i n  Vienna 
loam  to 27% i n  Lowry s i l t  loam th e  v a lu e  of E ( t )  d e c re a s e d  from 0 .1 2  to  
0 .0 7  (J /cm ^ )  f o r  th e  two s o i l s .  The s o i l  w i th  th e  h ig h e r  p e r c e n ta g e  of 
u n s t a b l e  a g g r e g a t e s  r e q u i r e d  l e s s  k i n e t i c  en e rg y  to  red u ce  th e  i n i t i a l  
s e a l  c o n d u c t i v i t y  to  i t s  f i n a l  v a l u e .  The u n s t a b l e  a g g r e g a te  p e rcen ­
t a g e  i s  h ig h ly  r e l a t e d  to  the  s i l t  c o n t e n t  i n  th e  s o i l  w i th  r e s p e c t  to
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T a b le  16. Average s e a l i n g  e n e rg y ,  E ( t ) ,  u n s t a b l e  a g g r e g a t e  p e r c e n t a g e ,  
and th e  a v e ra g e  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  V ienna loam 
and Lowry s i l t  loam .
S o i l
ty p e
E ( t )  ; 
(J /cm i.)
Z o f  u n s t a b l e  
a g g r e g a t e
Sand S i l t  
—  % ------
Clay
V ienna  loam 0 . 1 2 1 1 3 9 .8 3 3 .9 2 6 .3
Lowry s i l t  loam 0 .0 7 27 1 2 . 8 68 .7 1 8 .5
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t h e  o t h e r  f a c t o r s  (C ary  and E v a n s ,  1974; Lemos and L u tz ,  1957; and 
o t h e r s ) .  As th e  s i l t  c o n t e n t  more th an  d o u b led  from V ienna  .loam to 
Lowry s i l t  loam , th e  u n s t a b l e  a g g r e g a t e  p e r c e n ta g e  a l s o  more than  
d o u b le d .  The u n s t a b l e  a g g r e g a t e  p e r c e n ta g e  may be used to  p r e d i c t  EOP 
f o r  d i f f e r e n t  s o i l s .
The i n f i l t r a t i o n  r a t e  as  a f u n c t i o n  of t o t a l  k i n e t i c  en e rg y  
(J /m 2 )  f o r  V ienna  loam and Lowry s i l t  loam a r e  shown in  F ig u re s  29 and 
30 .  From th e s e  c u r v e s ,  one can c o n c lu d e  t h a t  i t  t a k e s  a lm o s t  the  same 
k i n e t i c  en e rg y  to  red u ce  th e  i n f i l t r a t i o n  r a t e  to  s p e c i f i c  v a lu e  under
d i f f e r e n t  k i n e t i c  e n e rg y  r a t e s .
The p r e d i c t e d  h y d r a u l i c  c o n d u c t i v i t y  o f  th e  s u r f a c e  s e a l  was
s i m i l a r  to  th e  e s t i m a t e d  v a lu e  of th e  i n f i l t r a t i o n  r a t e  as  shown in
T a b le  A i n  th e  Appendix . These r e s u l t s  p ro v id e  f u r t h e r  e v id e n c e  t h a t  
t h e  s u r f a c e  s e a l  was c o n t r o l l i n g  the  i n f i l t r a t i o n  p ro c e s s  i n t o  th e  s o i l  
p r o f i l e  and i s  more im p o r t a n t  th an  the  h y d r a u l i c  c o n d u c t i v i t y  o f  the  
s o i l  l a y e r s  below.
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SUMMARY AND CONCLUSIONS
Summary
F i e l d  e x p e r im e n ts  were co n d u c te d  on two S ou th  Dakotan s o i l s  
(V ie n n a  loam and Lowry s i l t  loam) to  s tu d y  th e  e f f e c t  o f r a i n f a l l  k in e ­
t i c  e n e rg y  and i n t e n s i t i e s  on bare  s o i l  s u r f a c e s .  A Purdue type r a i n ­
f a l l  s i m u l a t o r  was used w i th  d i f f e r e n t  V e e je t  n o z z le s  to  produce 
v a r i o u s  r a in d r o p  s i z e  d i s t r i b u t i o n s .  Six l e v e l s  of r a i n f a l l  k i n e t i c  
e n e r g y  ( 0 ,  7 . 2 ,  8 . 2 ,  1 2 .4 ,  19 .4  and 2 4 .4  J/m^.mm) w ere used in  t h i s  
s t u d y .
Drop s i z e  d i s t r i b u t i o n s  were m easured by th e  f l o u r  method. 
D r o p le t  v e l o c i t i e s  were c a l c u l a t e d  by S e g i n e r ' s  p ro c e d u re  (1965) and 
k i n e t i c  en e rg y  was s u b s e q u e n t l y  c a l c u l a t e d .
The e f f e c t s  of d i f f e r e n t  r a i n f a l l  k i n e t i c  e n e r g i e s  and i n t e n ­
s i t i e s  on th e  t im e to r u n o f f ,  th e  t im e to  i n f i l t r a t e  50 mm of w a te r  and 
t h e  f i n a l  i n f i l t r a t i o n  r a t e s  u n d er  d i f f e r e n t  s o i l  s u r f a c e  c o n d i t i o n s  
w ere  i n v e s t i g a t e d  in  t h i s  s t u d y .  S o i l  w a te r  c o n te n t  was measured 
b e f o r e  and a f t e r  each ru n .
The m o d if ie d  Green-Ampt model was a p p l i e d  to  d e s c r i b e  the 
i n f i l t r a t i o n  r a t e  d a t a ,  and l i n e a r  r e g r e s s i o n  t e c h n iq u e s  used to 
d e s c r i b e  some r e l a t i o n s h i p s  i n  t h i s  s tu d y .  The v a lu e  of PFc used in  
t h e  model was e s t im a te d  by t r i a l  and e r r o r  th ro u g h  th e  com puter model 
by m a tch in g  the  s im u la te d  ru n o f f  w i th  th e  measured r u n o f f .  The 
m easu red  r a i n f a l l  e n e rg y ,  E ( t )  was d e te rm in e d  in  t h i s  s t u d y  fo r  the  two 
s o i l s .
A pronounced  e f f e c t  on b a re  s o i l s  was n o t i c e d  th ro u g h  the
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i n f i l t r a t i o n  r a t e  r e d u c t i o n  and th e  deve lopm ent o f  a s u r f a c e  s e a l .
The t im e  to r u n o f f  and th e  f i n a l  i n f i l t r a t i o n  r a t e  d e c re a s e d  as the  
k i n e t i c  r a i n f a l l  e n e rg y  and i n t e n s i t y  i n c r e a s e d .  The a c c u m u la t iv e  
w a te r  i n f i l t r a t i o n  was a f f e c t e d  by s e a l  d eve lopm en t and en e rg y  l e v e l .
The p r o t e c t e d  t r e a t m e n t s  of V ienna  loam were not a f f e c t e d  by 
r a i n f a l l  e n e rg y  l e v e l  and i n t e n s i t y .  There was no ru n o f f  and th e  f i n a l  
i n f i l t r a t i o n  r a t e s  were no t  d i f f e r e n t  from the a p p l i c a t i o n  r a t e s .  The 
m o d i f i e d  Green-Ampt model gave a  good d e s c r i p t i o n  o f  the  i n f i l t r a t i o n  
r a t e  i n  b o th  s o i l s .
C o n c lu s io n
The r a i n f a l l  k i n e t i c  e n e rg y  l e v e l s  and r a i n f a l l  i n t e n s i t y  had a 
g r e a t  e f f e c t  on th e  two S ou th  Dakota s o i l s .  Lowry s i l t  loam was more 
s u s c e p t i b l e  to  r a i n f a l l  k i n e t i c  e n e rg y  l e v e l s  th an  V ienna  loam . The 
t o t a l  k i n e t i c  e n e rg y  r e q u i r e d  to  b re a k  down s u r f a c e  a g g r e g a t e s  in  Lowry 
s i l t  loam was low compared to V ienna  loam . T h is  phenomenon i s  a r e s u l t  
o f  th e  p h y s i c a l  p r o p e r t i e s  of th e  two s o i l s .  V ienna loam has a h ig h e r  
a g g r e g a t e  s t a b i l i t y  (89%) th an  Lowry s i l t  loam (73%).
The t im e to ru n o f f  and f i n a l  i n f i l t r a t i o n  r a t e  d e c re a s e d  as the  
k i n e t i c  e n e rg y  l e v e l  i n c r e a s e d .  The tim e to  r u n o f f  was a l s o  a f f e c t e d  
by r a i n f a l l  i n t e n s i t y ;  a s  th e  i n t e n s i t y  d e c r e a s e d  th e  tim e to ru n o f f  
i n c r e a s e d  in  o r d e r  to  meet th e  k i n e t i c  e n e rg y  r e q u i r e m e n t  to  b re ak  down 
th e  s u r f a c e  a g g r e g a t e s  and s t a r t  th e  r u n o f f .
The amount of w a te r  which i n f i l t r a t e d  i n t o  th e  s o i l  th ro u g h  th e  
s u r f a c e  was h ig h e r  under th e  co v e red  t r e a tm e n t  th an  under the  bare  
t r e a t m e n t .  I t  was h ig h e r  in  V ienna  loam than  in  Lowry s i l t  loam.
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These  d a t a  t o g e t h e r  w i th  th e  p h y s i c a l  p r o p e r t i e s  o f  t h e s e  s o i l s  len d  
s u p p o r t  to  th e  e f f e c t i v e n e s s  o f  th e  s u r f a c e  s e a l  i n  c o n t r o l l i n g  th e  
i n f i l t r a t i o n  r a t e .
A good r e l a t i o n s h i p  was found betw een  th e  f i n a l  i n f i l t r a t i o n  
r a t e  and th e  t im e to i n f i l t r a t e  50 mm of w a te r  and the  k i n e t i c  e n e rg y  
r a t e s  o f  th e  a p p l i e d  w a te r .
The e f f e c t  of s u r f a c e  s e a l  deve lopm en t was a l s o  i n d i c a t e d  by the  
r e d u c t i o n  of th e  f i n a l  i n f i l t r a t i o n  r a t e  of  th e  b a re  s u r f a c e  fo r  the 
ru n s  which in c lu d e d  a  d r y - b a r e  fo l lo w e d  by wet t r e a t m e n t s .
A ir  e n t r a p m e n t ,  s l a k i n g ,  d e p o s i t i o n  o f  f i n e  p a r t i c l e s  and s o i l  
c o m p a c t io n  p o s s i b l y  had a  g r e a t  e f f e c t  on r e d u c in g  th e  i n f i l t r a t i o n  
r a t e  on wet p r o t e c t e d  t r e a t m e n t s  w i th  s to p p in g  p e r i o d s .
The m ajor f a c t o r s  a f f e c t i n g  th e  s o i l  s u r f a c e  c o n d i t i o n  and th e  
i n f i l t r a t i o n  p ro c e s s  a r e :
1) The d ev e lo p m en t of th e  s u r f a c e  s e a l  as  a  r e s u l t  o f r a i n f a l l  k i n e t i c  
e n e rg y  im pac t  and s l a k i n g .
2) The p h y s i c a l  p r o p e r t i e s  o f  th e  s o i l s  such  as ( a g g r e g a t e  s t a b i l i t y ,  
t e x t u r e ,  e t c . )  w h ich  d e te r m in e d  the  s o i l ' s  s u s c e p t i b i l i t y  to  s u r ­
f a c e  s e a l i n g .
3) The r a i n f a l l  i n t e n s i t y  above th e  amount n e c e s s a r y  to  cause  a g g re ­
g a t e  breakdow n.
From a  t h e o r e t i c a l  v ie w p o in t  th e  p a r a m e te r s  E ( t )  and PFc can be 
u sed  to  d e s c r i b e  s o i l  s e a l  fo r m a t io n  f o r  d i f f e r e n t  s o i l s  and k i n e t i c  
e n e rg y  r a t e s .  The r a i n f a l l  s e a l i n g  e n e rg y  E ( t )  was found to be d i f ­
f e r e n t  f o r  th e  two s o i l s .  The V ien n a  s i l t  loam has a h ig h e r  r a i n f a l l
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s e a l i n g  en e rg y  ( . 1 2  J /cm ^) th an  Lowry s i l t  loam ( . 0 7  J / c m ^ ) .  The 
c a l c u l a t e d  en e rg y  (EOP) by W ischmier and Smith  (1 9 7 8 )  was found to  be 
d i f f e r e n t  f o r  d i f f e r e n t  l e v e l s  of e n e rg y .  T h e r e f o r e ,  a c o n v e r s io n  f a c ­
t o r  (CF) was used to  r e l a t e  EOP to  th e  m easured e n e rg y  E ( t ) .  A good 
f i t  was ac h ie v e d  by u s in g  th e  l a y e r e d  Green-Ampt model f o r  d e s c r i b in g  
t h e  i n f i l t r a t i o n  r a t e  d a t a .
The above r e s u l t s  and c o n c lu s io n s  a r e  o n ly  v a l i d  on V ienna loam 
and Lowry s i l t  loam s o i l s .  I t  may be d i f f e r e n t  f o r  o t h e r  s o i l s .
Recommendations
The fo l lo w in g  recom m endations co u ld  be made to  avo id  th e  re d u c ­
t i o n  in  w a te r  i n f i l t r a t i o n  r a t e s  and th e  fo r m a t io n  o f  a  s u r f a c e  s e a l  on 
plowed ba re  s o i l :
1) Use s p r i n k l e r  n o z z le s  w i th  low k i n e t i c  e n e rg y  and i n t e n s i t y .  This 
c o m b in a t io n  re d u c e s  th e  t o t a l  e n e rg y  b r e a k in g  down a g g r e g a t e s  and , 
i f  s a t u r a t i o n  i s  a v o id e d ,  a g g r e g a te  s t r e n g t h  may be r e t a i n e d  to 
a v o id  r u n o f f .
2) P r o t e c t  th e  s o i l  s u r f a c e  by u s in g  any type  of c o v e r  as ( s t r a w ,  
e t c . )  to  red u ce  th e  k i n e t i c  en e rg y  f o r c e  to  a minimum. But p r o t e c ­
t i o n  of the  s o i l  s u r f a c e  c a u s e s  some p rob lem s such  as d e c r e a s in g  
t h e  s o i l  t e m p e r a tu re  and d e la y in g  the  g e r m in a t io n  of some c ro p s  in  
c o o l  a r e a s .
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LAYRED GREEN- AMP T I N F I L T R A T I O N  “ 0 0 6 L  FOR CONSTANT RAT!;
3 S C I L L A Y E R 3  I N C L U D I N G  C R J S T , T I L L S C  AND S U B S O I L  
t .  D E F I N E  V A R I A B L E S  
H I MENS I j .N E V E N T ( 2 i )
EVE NT = T H6  R A T S - R U N O F F  EVENT N A M E  
REAL L 0 l . L 0 2 . L T l . L T 2
OAT A L D 1 / 0 . 5 / . L C 2 / 1 5 . 0 / . L T 1 / G . 5 / . L T 2 / U . 5 /
L 0 l . L 0 2 * L 0 w E R  OE P T H OF THE CRUST AND THE T I L L E G  l a y e r i c .mi  
L U , L T 2 * T Ht C K. NE S S  o f  t h e  c r u s t  ANO t h e  t i l l e d  l a y e r s i c m i  
REAL  K l , K 2 , K 3 , K 3 S , P F l , ? F 2 , P F 3  
DATA K I / 1 3 . V . K 2 / 1 3 . 5 / . K 3 / 2 . 5 V . K 3 S / 2 . 5 V  
0.ATA P F I / 0 . 5 0 / . P F 2 / 0 . 5 C / . P F 3 / D . 8 /
K l , K 2 . K 3 = E F F E C T I V E  HYDRAULI C C O ND U C T I V I T Y  OF THE L A Y R E S I C V H R )  
P F l . P F 2 . P F 3  = T E N S I O N  TERM OF THE S O I L  LAYERS ( CM)
REAL S C . P F C . R R . B . S S . I N T
DATA S C / 0 . 8 1 / , P F C / 0 5 . 0 / . R R / l . 5 0 / . B / l . 0 0 / . S S / 0 . i a / . I N T / 0 . O P /  
S C = C GR RE CT I ON FACTOR I N THE L I N D E N ’ S FORMULA 1 0 I ME N S I C N L E S S I  
P F C = S T E AOY STATE C AP I L L AR Y P O T E N T I A L  9ENEATH THE CRUST ICM)  
RR=RANOOM ROUGHNESS (CM)
0 = FRAC T 1 0  (OF Th e  EXPOSED S O I L  S URFACE I 0 I M E N S U N L E S S  I 
S S = S U R F A C E  STORAGE C AP ACI T Y ( CM)
I N T = I N T E R C E P T I O N  EXP RE S EDAS  A WATER DEPTH (CM)
REAL K O . K F . I P . I C . i l
K O = I N  I T I A L  C RUS T C OND U C T I V I T Y  ( C M / H R )
K F = F I N A L  CRUST C O N D U C T I V I T Y  ( C M/ H R )
I P  = RATE I N T E N S I T Y I C . M / H R I  
I C = I N F I L T R a T I ON C A P A C I T Y  RATE ( C M / H R )
1 I N F I L T R A T I O N  RATE ( C M/ HR)
REAL E O P . M O P . K S
DATA E 0 P / 0 . * 0 / , M 0 P / D . 0 3 / , K S / 1 3 . 5 /
S QP = R AI M ENERGY I N J / C M 2  WHEN K C = 2 « K F  USED IN THE L I N D E N ’ S = C R M U H  
MOP = F I L L A 3 L E  P O R O S I T Y  OF THE PONDED 2 0 NE AEOVE TnE I NT ERF ACE 
K S = SA TUPA TED C O ND U C T I V I T Y  OF THE T I L L E D  LAYER ( C M/ H R )
3 . S P E C I F Y  I N I T I A L  VAL UE S :
REAL MO I . 4 0 2 . MQ3
OATA MO I / O . 2 6 / . MO 2 / 0 . 2 3 / . M 0 3 / 0 . 0 8 /
MD1 . M02 . M 0 3 = M 0 1 S T U R E  D I F F E R E N C E  BEFDR ANO AFTER THE WETTI NG 
FRONT OF THE L A Y E R S ( 0 I M E N S I O N L E S S )
REAL S O A . P D A . E O A
OATA S 0 A / a . Q O / , P O A / 0 . D 0 / . - 0 A / O . 0 0 / . R A / 0 . 0 0 / . P D 3 / D . 0 O / . S 0 9 / 0 . 0 0 /  
S DA= S URF ACE PONDAGE ( CM)
POA = I NT E RF AC E  PONOAGE ICM)
E OA= RAI N ENERGY ( J / C M 2 I  
P E AL L A . L 2 A . L 3 A . L 3 . L 2 B . L 3 3 . K C A . K C D . I 0  
DATA L A / 0 . 0 0 / . L 2 A / 0 . 0 0 / . L 3 A / 0 . 0 0 /
L A , L B = « c T T I N G  FRONT DEP TH AT THE START AND THE END OF A 
ROUTI NC P E R I O D
L 2 A . L 2 3 = W E T T I N G  FRONT DEPTH WI T H I N  THE T I L L E D  LAYER (CM)
AT THE START ANO THE END OF ROUT I NG P E R I O D  
L 3 a , L 3 B = w 5 T T I M G  FRONT DEPTH I N THE S U B S O I L  I C W) AT THE START 
ANO THE ENC GF ROUTI NG P E RI OO 
K C A . K C 3 = T A A N S I E N T  CRUS T C O ND U C T I V I T Y  AT THE START ANO THE 
END OF A R OUT I NG P E R I O D  ( C M/ H R )
I O * I N F L O W FLUX FROM THE GRUONO SURFACE ( C M/ HR )
REAL L 2 U . L 2 V . L 2 W
C L 2 U « L 2 V » L 2 W= W E T T I N G  FRONT DEPTH m I T h I N THE T I L L E D  LAYER USED
c i n  t h e  r u m g e - k u t t a  m e t h o d
REAL L 3 U . L 3 V . L 3 w .  IM2 ,  I M3 . I N A . I M J , I N V . I N W . K C U . K C V . KCW 
C L 3 U . L 3 V , L 3 w= wE T T I N G  FRONT DEPTH WI T H I N  THE S U B S O I L  LAYER
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C USED I N Th S PI JNGc - K U T T A  METHOD I CM)
C I M2 « IM 3 3 I NFOR M4 T I O N  C A P A C I T Y  RATS TO THE T I L L E D  LAYER AND
C TO THE S U B S O I L  LAYER WHEN THE I NT f P . P ACF  I S  NOT PONGED
C I N A ,  I . NUt  P i v . I N W s I N P I L T R a TI ON C A P A C I T Y  RATE WHEN THE I N T E k F aCR
C I S  PONOEC USED I N  THE RUNGc - K U T T a .METHOD ( C N / H A I
C K C U . K C V , K C w 3 T R A N S I E N T  c r u s t  c o n d u c t i v i t y  us e d  i n  t h f  RUNGE- KUTTA
C METHOD ( C M / H R I
I NT E GE R  HR
C H R i THE HOUR R E ADI NG OF THE R A I N F A L L  I NP UT  OATA ( HR)
K 0 3 K I 
Z C » L T l
K F 3 Z C P S C « K O / ( P F C » Z C )
0 = - A L O G 1 K F / ( K O - K F ) )
C 0 = A CONSTANT I N THE L I N D E N ' S  FORMULA
C A . R E A O  R A I N F A L L  I NP UT  OATA:
C
R E A O ( S « I ) EVENT
1 F O R M A T ! I X , 1 3 A 4 / 1 X . 1 3 A 4 )
W R I T E t 6 . 2 ) E V E N T , L 0 l . L D 2 . L T l , . L T 2 . K W K 2 . K 3 . K S . S C . R R . P F I . P F 2 . P F 3 . P F C .
I  B . E O P . M O I . M 0 2 . M 0 3 . M Q P . S S . I N T . K Q . K F
2 F O R M A T ! I H 1 . 4 X , 1 3 A 4 / 5 X , 1 3 A 4 / / 4 X ,  • L D 1 3 ' . F 5 . 2 , '  L 0 2 3 ' . F 5 . 2 .
1 '  L T 1 * ' , F 5 . 2 , '  L T 2 3 '  . F 5 . 2 . / 4 X .  • K 1 3 ' . F 5 . 2 , '  K 2 3 ' , F 5 . 2 ,
2 • K 3 = ' , F 5 . 2 . '  KS = ' . F 5 . 2 , '  S C 3 ' , F 5 . 2 . '  RR= • .  F 5 . 2 / 4 X ,
3 '  P F 1 * ' , F 5 . 2 . '  P F 2 = ' , F 5 . 2 , '  P F 3 = ' , F 5 . 2 , '  P F C 3 ' . F 5 . 2 , '  B = ' . F 5 . 2 .
4  '  E OP 3 ' . F 5 . 2 / 4 X ,  • M O l 3 ' . F 5 . 2 . '  M 0 2 = ' , F S . 2 , '  M 0 3 = ' , F 5 . 2 .
5 • M C P = ' . F 5 . 2 . '  S S = > ' . F 5 . 2 . '  I N T = ' . F 5 . 2 . '  K O = ' , F 5 . 2 , '  K F = ' , F 5 . 2 / I  
1 0 0  R E A O ( 5 . 3 )  H R . M N . P . I O X
3 F O R M A T ! I X , I 2 . 1 X , I 2 . 2 X , F 5 . 2 , I X , I I I
C HR. MNs HOUR ANO MI NUTE READI NG FROM THE I NPUT DATA
C P = RAI N DE ° T H R E ADI NG FROM THE R A I N  I NP UT  OATA
C I OX= I NOE X TO S P E C I F Y  THE START ANO THE END OF THE RAI N
C I O X = l  R E P R E S E N T E S  THE START 0 =  A RAI N
C I 0 X = 2  R E P R E S E N T E S  THE ENO OF A RAI N
I F ! I O X . N E . l )  GO TO 1 1 0  
TRX=> hR*SO. *MN 
T R X = T R X / 6 0 .
C TRX = THE START OF A 3REAK P O I N T  R A I N  P E R I OD ( HR)
P X3 0 . 0
P M I X s P - I N T - Z C R M O l  
C PX = R AI N DEP TH AT T I mE= TRX ( CM)
C P M I X a R A I N  DEP TH I N E XC E S S  OF THE P E R C E P T I O N  ANO THE CRUST
C LAYER STORAGE ( CM)  AT T I M E 3 TR X
W R I T E ( 6  * 4 ) HR « MM « P
FORMAT O X . ' T I M E  * . 3 X . ' R A I N  • . I X , ' R A I N ' . 5 X , • I N F L . ' . I X . • I N F L . ' . I X ,
1 ' S U R F . • , I X . ' R A I N  ' , 5 X , • I N T E F A C E * , I X W E T T I N G ' , 5 X . • C R U S T ' / 5 X ,
2 ' H R  M N ' , 3 X , ' D E P T H ' , I X , ' R A T E  ' . S X . ' R A T E  • .  I X , • O E P T H ' ,  I X , • P O N O . • ,
3 I X , ' E x C S . • , 4 X , ' P O N O A G E ' . I X , ' F R O N T  O E P T H ' , 3 X , * K C A • / 1 3 X , •  CM ' ,
4  I X , ' C M / H R ' , 5 X , ' C M / H R * , I X , • CM ' . I X , '  CM ' . I X . '  CM• , 1 0 X , • CM• ,
5 5 X , ' C M * . 3 X , * C M / H R ' / / 5 X , I 2 , I X » I 2 , 2 X , F 5 . 2 , 6 X » F 5 . 2 )
K TR = 10
C K TRs COUMTER FOR P R I N T I N G
GO TO 1 0 0  
1 1 0  T R Y a H R a 6 0 . * M N  
TAY3 T R Y / 6 Q .
C TRY=TH£  ENC CF A 3 REAK P O I N T  R AI N P E R I O D  ( HR)
P Y -P
C P v  = 0 A I N DEP TH a t  T I M £ 3 TRY (CM)
I P - ( P Y  — P X ) / ( T R Y - T R X )
C I P  =J R£AK P O I N T  R A I N  I N T E N S I T Y  I CM/ Hf i )
P H I Y = P - I N T - ’ CPM0 1
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p>iiy*r.a:n depth in excess oc tus interception and the crust
LAYER STORAGE I C N!  AT T I M E  =TFY 
I F I P M I Y  . G T .  0 . 1  GO TO U 0
5 . CR' J ST L A v e r  
W R I T E I 6 . 5 I H R . M N . P
5 F O f t M A T ( 5 X . I 2 » l X » I 2 » 2 X » F 5 . 2 )
S T R A T H * !
0 T = T R Y - T R X
I F I I P . L E . O . )  GO TO 1 1 2
E 3 A » E Q A M . 0 .  0 2 0 6 2 * 0 .  0 C 3 7 D P A L 0 G I C I  I P I  I p I P P OT  
E 0 A = R A I N  ENERGY I J / G M 2 I  
1 1 2  TRX=TRY 
PX = PY 
P MI X= P Mt Y 
GO TG 1 0 0  
1 2 0  I F I  PM I X . G E .  0 . )  GO TO 1 5 0
T I  = T R X * ( - ° M I  X I / I P Y - P X I P I T R Y - T *  X I
T I = T h E T I ME aHE.N THE I N E R C E P T I O N  STORAGE I S  F I L L E D  (HR I 
T A = TI
T A= T h E START t i m e  o f  a R OUT I NG P E R I O D  ( HR)
I F ! I P  . L E .  0 . I GO TO 1 2 2
c QA= E 0 A » I 0 . 0 2 0 6 2 * 0 . 0 0  3 7 9 P A L O G 1 0 1 I P ) ) p I P P ( T A - T R X )
1 2 2  K C A = K F . ( K J —( F I P E X P I - O P E P I I . - R R / A . ) P E O A / E O P I  
KCA = T R A N S I £ N  T C P U S T  C O ND U C T I V I T Y  ( C ’V h R)
LA = ZC
F A= 2 C P M0 1
»P I TE I 6 .  (j ) T A . F A
6 FORMAT!  5 X .  • hA TE® R E AC HE D T I L L E D  H Y  = P T = • .  F 5 .  ’ ,  2 X ,  • .= = • ,  F5  .  2 ) 
K TR =K T R ♦ 1
LAYER= 2
LAYSR=I . ND£X TO I 0 E N T I F Y  THE LAYER I N R HI C m THE Vi E T T I N G  FRONT  
LOCATED
START ROUTI NG P E R I O D  I HR I 
1 5 0  0 T = l . / 6 C .
OT p DURATI GN o f  A P O U T I N G  ’ ERI ' RO I H R )
T 3 = T A» 0 T
I F I T t  * 0 . OOCI  . L T .  TRY)  GO TO 1 6 0  
T9 =TRY 
OT = T R Y- T A 
1 6 0  I F I  LAYER . E D .  3 )  G J  TO 3 0 0
o .  T I L L E D LAYER
RU NG E - K U T T a METHOD a r e  USED TO CALCULATE T h E I N F I L T R A T I O N  
C AP ACI T Y  
l 2 A = L A - Z C
D L A = ( 0 T / M 0 2  I P  I L A . P F 3  ) / 1 Z C / K C A * l 2 A / k CA )
I F  C I P  . L E .  O . )  GO TO 2 1 0
EOU = ECA* I  0 . 2 2 0 6 2 * 0 . . DU 3 7 9 P A L 0 G 101 I P I  ) p I P p O T / 2 .
GC TO 2 1 2  
2 1 0  EOU3 EOA
2 1 2  KCu p k F . I K O - K F ) P E X P I - D p Bp I I . - R R / A . I p E D U / L O P )
L 2 U - L 2 A * C L A / 2 .
U L U = ( D T / M 0 2 ) p ( Z C » L 2 ’J * p F 2 ) / (  Z C / K C U * L 2 ' J / k CU)
KCV=KCu
L2V = L 2 A » . D L J / 2 .
J L V * I C T / K D 2 ) p ( Z C » L 2 V * P P 2 ) / (  Z C •’«: C V ♦ L 2 V/ KC V I 
I F !  I® . L E .  0 . )  GO TO 2 2 0
EOr . *f cCA*I  0 . 0 2 0 6  2 - - J .  DC 3 TUP AL CGI . .  I I P  I I P I P p OT
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GO TO 222  
22 9 EOW=€OA
222 K C W = K F * ( k o - K F ) * e x p (  - D = B » ( l . - f i & / 9 .  1*E0W/E0P)
KC 8 - KCW
E o a ^ e o w
L2 W=L2 A *OLv
0 L W = ( 0 T / M 0 2  I = ( ZC » L2  J * P F 2 ) / ( Z C / K C H * L 2 w / * C W I  
0 L * ( 0 L A * 2 . * u l U ^ 2 . * 0 L V * 0 L w ) / 6 .
I C = 9 L * M 0 2 / C T  
C I C = I N F I L T R A T I O N  C A P A CI T Y  RATE ( C M / H R )
1 0 = I P ♦ S O A / J  T
1 0 = I N F l U «  FLUX AT THE GBCJ NO SURFACE ( C M / H R )  
S OA= S URF ACE PONDAGE ( CMI  AT TI ME = TA 
I F I  1 0  . G T .  I C I  GO TO 2 7 0  
1 1  = 1 0
I I = I N F I L T R A T I O N  RAT;
L 8 = L A ♦ 10 = 0 T / M O 2
I F  I CE . G E .  L 0 2 )  GO TO 2 6 3
S 0 a = 0 .
S 0 3 = S U R F A C E  PONOAGE I CM)  AT T I M£  = T&
F 9  = FA » I O« OT
F 3 = I N F I L T P . A T E 0  WATER AMOUNT ( CM)
RE=RA
R 8 = R U M0 F F  AMOUNT ( CWI  AT T I ME = T 8  
RA=RUNOFF AMOUNT (CM)  AT T I ME = T A 
GO TO 6 0 0  
2 6 0  L 3 = L 0 2
0 T = ( L D 2 - L A ) = M 0 2 / I I
T B = T A * J T
S O B = S D A . ( I P - I I l * C T  
L AY5R = 3
F ? = F A * ( L 0 2 - L A ) * " 9 2  
2 b 5  RB=RA
2 6 9  W R I T E I 6 . 9 )  T 9 . F 3
9  F O R M A T I S X , ' W A T E R  REACHED S U B S O I L  T = ' , F 6 . 3 . »  F = * . F 5 . 2 )  
K T R = K T R * I
EOB = E C A » ( 0 . 0 2 0 6 2 * 0 . 0 3 3 7 9 = A L O G I O I 1 0 ) ) « ! P = 0 T  
X C u = K F * (  iO - K F  ) = E X P (  - G = o * (  l . - R R / A .  I * E G E / E C P  )
GO TO 6 0 0
2 7 0  L R = L A* OL  
I I  = IC
I F 1 L 2  . G E .  L D 2 )  GO TO 2 9 0  
S 0 8 = S 0 A * ( I P - I C ) = O T  
F P = F A * I C = D T  
T 3 = T A * 0 T
I F I  SOB . G T .  S S )  GO ’’0  2 * 0  
C S S  = SORFACE STORAGE C AP ACI T Y ( CM)
R 3 = R A 
GO TO 6 0 0  
2 2 0  R 8 = R A » S 0 E - S S  
S O u = S S  
GO TO 6 0 0  
2 9 0  L 9 = L Q 2
0 T = ( L 0 2 - C A I = M 0 2 / I I
T 8 = T A * 0 T
s o e = s o A » i i p - i c i =ot 
LAYER = 3 
F 8 = F A » I I = D T
I F I S O e  . G T .  S S I  GO TU 2 9 5  
GO TO 2 6 5
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295
C
c
300
c
c
c
c
310
312
31*
3 1 6
32 0
3 * 0
R9=f » , A* SDB- SS  
SD8=SS 
SO TO 268
7 .  SUBSOIL LAVE*
L 3 A = L 4 - L 0 2
I F I P C A  . 0 7 .  o . )  GO 7 0  5 0 0  
IM2 = t Z C * L T 2 ) / I Z C / K C A . L T 2 / K C A )
I H 2 = I N F I L T R A T  II I ' )  C A P A C I T Y  RATE CALCULATED FROM GKf3U.N0 SURFACE 
TO I N T S T R F A C E  ( C V H R I  
I F t K 3 . G T . K C A I  K 3 - K C A  
I M 3 = t L A . P F 3 ) / ( Z C / K C A » L T 2 / K C A . L 3 A / K 3 l
I M 3 = I N F I L T R A T I C N  C AP AC I T Y RATE CALCULATED f r o m  g r o u n o  s u r f a c e  
TO WETTI NG FRONT ( C M / h R I  
I F ( I M2 . G T • IM 31 GO TO 5 0 3
I NT E RF ACE  NOT PONOEO
DLA=OTo [ M3 / MG3
I F ( I P  . L E .  0 . )  GO TO 3 1 0
SOU = EGA » 10  • 3 2 0 o 2  + 0 . 3 0  3 7 6 O A L 0 G 1 0 1 I D ) ) » I P P 0 T / 2 .
GO TO 3 1 2  
£QU=ECA
K C U = K F . ( K 0 - K F I o E X P t - 0 P 8 6 ( l . - R R / * . l o E O U / E O P I  
L 3 U = L 3 A » O L A / 2 .
I F t K 3 . G T . K C U )  K3=KCU
C L U = ( D T / r t Q 3 l = s ( Z C * L T 2 * L 3 U * P F 3 ) / t Z C / K C U * L T 2 / K C U * L 3 U / K 3 I  
KCY=KCU
L 3 V = L 3 A » D L U / 2 .
U L Y = ( C T / M D 3 ) * (  2 C * L T 2 * L 3 V » 0 F 3 l / t  Z C / KC  V * L T 2 / K C  V L  3 V / K 3 )
I F ( I ?  . L E .  0 . 1  GO T 3 3 1 *
FQn = S 0 A . t 3 . C 2 0 t , 2 * 0 . 3 0 3 7 ? « 4 L 0 G l 0 ( I P I l * I P * D T
GO TO 3 1 6
EOW=EGA
K C W = K F * ( K 0 - K F ) o E X P l - 0 « e * < I . - R R / * . I o E O W / E O P )
KC3=KCW 
£ 0 B = 6 0 W  
L 3 h = L 3 A»DLV 
I F t K 3 . G T . K C * * )  K3 - KCW
0 L .  = t 3 T / : i 0 3  1 - 1  Z C * L 7 2 . L 3 * t * ° F 3 l / t  Z C / K C v* * l T 2 / K C w* L 3 W / K 3 I  
C L = ( C L A * 2 . a O L U * 2 . « C L V * O L U ) / 6 .
1 C = ( 0 L » P 0 3 ) / G T  
1 0 = I P *  S OA/ OT
I F t I O  . G T .  I C )  GO TO 3 2 0  
L 3 = LA » ( I Q a QT I / ’"3 3 
F 9 = F A . I O P J T  
S 0 B = 0 .
P 0 b = 0 .
11 = 1 0
RB=RA
CO TO 6 0 0
LS = L A» OL
Fa = F A . 0 L « * ' 0 3
SOB= t I Q - I C I « G T
P 0 B = 0 .
I I  = IC
I F t S O P  . G T .  S 3 )  CO T J  3 * 0
R B = R A
GO TO 6 0 0
R 8 = R A ♦ S D E - 5 S
S 0 9 = S S
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c. interface fo no e d
s o n  Uma = ( 2 C * L T 2 - P 0 A ' / I Z . C / k c a * (  L T 2 - f ' . : a  i /K C A i  
C I N A 3 I NFLOW T N F l t - T p A T i O N  C AF ACI T Y RATS C a l C U L A T £ 0  F R O "  GROUND
l  SURFACE T O  WATER t a Rl E ( C m/ HR>
O U A s l  P ' j A . L 3 A . P F 3 ) / ( ° Q A / K S ‘ L 3 A / <  55 )
C OUA3 O U T F u J «  I N F I L T R A T I O N  CAP AC I T Y RATE CALCULATE D FROM WATES
C TA3LE TO HETTI MG FRO< T I C iM/ HR)
5 1 3  D L A = 0 T / ; * 0 3 « a L A
d p a = o t / m o ° c ( i n a - o u a i
I F { I F  . L E .  0 . I GO TC 5 1 2
EOU3 E C A . ( 0 . n 2 0 6 2 » 0 . 0 0  3 7 7 * A L 0 G l 0 ( I P I ) *  I P « 3 T / 2  .
GO TO 5 1 *
5 1 2  EOU=EOA
5 1 *  K C U = K F * ( K O - K F ) o E X P I - 0 « B F ( l . - R P / * . I f E O U / E O P )
L 3 U = L 3 A » 0 L A / 2 .
P D U = P 0 A * 0 P A / 2 .
C P O U 3 1 ' I T E R F a CE PONOAGE C CM 1 AT T I  ME3 T A
I F I P O U  . L T .  0 . )  P D U = 0 .
I F I P C U  . G T .  L T 2 I  P 0 U = L T 2
I N U 3 ( Z C * L T 2 - P D U ) / ( Z C / K C U M L T 2 - P 0 U I / < C ,J )
CUU3 ( P O U + L 3 U * F F 3 l / t  P 0 U / K S * L 3 U / K 3 S >
C L U 3 ( C T / M 3 3 I * Q U U  
0PU=> I CT/ MOP > « t  1 NU- C UU)
KCV3 KCU 
L 3 V = L 3 A * 0 L U / 2 •
P Q V 3 P D A » 0 ° U / 2 .
I F I P C V  . L T .  0 . )  POV3 C •
I F I P O V  . G T .  L T 2 I  P DV= L T 2
I N V 3 ! Z C » L T 2 - P D V  ) / ( Z C / K C V M  L T 2 - P 0 V ) / K C V I
OUV3 < P 0 V * L 3 V * ° F 3 l / <  P C V / K S * L 3 V / R  3S I
OL V3 t o r / M 0 3 ) < M l U V
OPV = ( O T / M O P ) * ( I N V - O J V )
I F (  I P  . L E .  3 . )  GO TO 5 1 6
E0 W3 E 0 A * t 0 . 0 2 0 6 2 * 0 . 3 0 3 7 9 P A L Q G 1 0 ( I P ) ) $ I P * O T  
GO TO 5 1 8  
5 1 6  E 0 w 3 E0A
5 1 3 K C w » K F * ( K O - K  F I sEXPI- D * a * t l.-RR/A.l*EGu/SO°1 
* C f l 3 KCrt
E 0 3 3 E0r t  
L 3v»3 L 3 A »QL V 
POW3 POA* OPV 
I F ( PCW . L T .  0 . )  PCw = 0 .
I F I P C w  . G T .  L T 2 ) P 0 W3 LT 2
P1V.= ( ZC ♦ L T 2 - P D W I / (  Z C / K C W * ( L T 2 - P 0 W I / K C *  I
CUW3 t PO-. . * L 3 N * P F 3  ) /  ( P C W / K S * L 3 w/ K 3 S  I
0 L w = ( 0 T / ' 1 0 3 ) 3 0 U W
o p ^ i c t / m o p i -f i  i \ w- o u w >
0 L 3 ( D L A » 2 . < ‘0 L U * 2 . « 0 L V » C L W I / 6 .
0 P  = ( D P A * 2 . « 0 P U * 2 . « 0 P V * 0 P W 1  / 6 .
0 U= 0 L < = YC 3 / 0 T  
I C 30 U » 0 P  * ’* O P / O T  
I C 3 I P » S C A / O T
I F ( 1 0  . G T .  I C ) GO TO 5 2 0  
S 0 5 3 0 .
0 L A = ( 0 T / M 0 3 1  *G' JA 
D P A = ( 0 T / w3 P ) o ( I O - O U A )
L 3 U = L 3 A . O L A / 2 .
P 0 U = P D A » 0 P A / 2 .
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! P | P C U  . L T .  0 . )  P D U - u .
0'JU = ( F 0 U » L iU * 3 P 1 1 /  I P D d /K S 'L  3U/K3S >
D L J = (D T /M 0 3 ) -OUO 
DPu=t D T / m DP) « IIO -O U U )
L 3 V = L 3 A * O L u / 2 .
P 0 V * P 0 A » 3 P U / 2 .
I F l P O V  • L T .  0 . )  R O V^ O .
O U V s (  P O V * L 3 V * O F 3 t / J ' , C V / < S » L 3 V / K 3 S )
OLV = ( 0 T / M 0 3 I s O U V  
0 P V = ( C T / M 0 P » < M I Q - Q U V I  
L 3 « = L 3 A * O L V  
POh =POA*OPV
I F I P Q W  . l T .  0 . )  POW=C.
O U w = ( P 0 U " L 3 \ , * P F 3 ) / ( P 0 W / K S » L 3 W / K 3 S I  
C L « = ( D T / M 0 3 ) « O U W  
0 P ' « = l 0 T / M 0 P ) « t  I O- OUWI  
O L F < O L A t 2 . « Q L U - " 2 . * O L V » O L W ) / S .
0 P = ( O P A » 2 . o O P U * 2 . * O P V * O P U ) / 6 .
I F t O L . G T . I I O f Q T ♦ P 0 A * M 0 P I / M0  3 )  0 L  = < I 0 a 0 T * P 9 A s M 0 P I / M J 3
L 3 = L A » C L
F B = F A ♦ I ' J s OT
PO£)=»POA*CP
I  1=10
I F  ( PQB . L T .  0 . )  P C 3 = 0 .
RB*RA 
GO TO 6 0 0  
5 2 0  L 3 = L A * 0 L
F 3 = F A * I C « O T  
P 0 o  = PDA »QP 
i i = rc
I F ( J CR . L T .  0 . )  °Cd*G.
I F I P C B  . G T .  UT 2 )  P0.3 = LT2  
5 2 5  S 0 U = ( I G - I C I * C T
5 2 7  I F t  SOU . G T .  S S )  GO TO 5 A0  
RB = RA 
GO TO 6 0 0  
5<»0 R 3 = RA♦ S 3 B - S  S 
S G 3 = S S
e .  OUTPUT 
6 0 0  I F I K T R  . L T .  5 AI  GO TO 6 2 0  
<*R I T £  ( o » 10  I
1 0  FOPMATl  l H l , A X , ' T r « E  ' , 3 X , ' R A I N  • , I X , ' P A I N  • .  5X ,  • I NFL .  • .  I X .
1 '  I M F L .  • ,  I X ,  • S U R F .  • ,  I X ,  ' R A I N  • , A X , • I NT EP . F ACc *  » 2 X«  '  /iE TT I N G '  * q X ,
2 * C R G S T ' / 5 X , " H R  M N ' , 2 X , ' G E P T H ' , U . * RAT"  ' , 5 X , ' R A T E  ' , I X , • 0 £ ? T P • .
3 I X , ' P O N O . • ,  I X ,  ' E X C S . * , A X , ' P O N O A G E * , 3 X , ' F R O N T  O E P T H ' , 3 X ,  • KCA • / 1 3 X 
A • C M ' , J X , ' C M / h R ' O X , ' C M / X R * , I X . • C *  ' . I X , '  C** • ,  3 X ,  • CX ' , 6 X .
5 • CM ' , 6 X , ' C M * . 1 0 X , ' C M / H R ' / )
KTR =0
6 2 0  « R I T e ( 6 , 7 )  T 6 ,  I ° ,  11 .  P * ,  SO 1,  RE , P O S ,  L ,  XC A
7 F o r m a t  < 5 X . F 6 . 3 . 7 X , F 5 . Z , 5 X . A ( F 5 . 2 , 1 X I , A X , F 5 . 2 , 6 X , F 5 . 2 . 5 X , F 5 . 2 >  
x TR = KTR»  1
[ F ( I C X  . c l .  2 )  GO TO 9 0 0
9 .  A C J US T  S T A R T I N G  VALUES FOR THE NEXT ROUT I NG P E R I O O  
7 0 0  EQAsEi ' 33 
KCa=xC5 
Ta = T3 
P X = PY 
P M I X = 0 M I Y
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LA=US
F Aa F f l
soA=soe
PDa *POB
RA=p. B
I F ( T A  . U T .  TRY)  GO TO 15C 
TRX»TRY
W R I T 6 I 6 . 5 I  HR, r f » l » P  
k r s » K T R * l  
GO TO 1 0 0  
9 0 0  I F I T f i  . G c .  TRY) GO TO 9 1 0  
GO TO 7 0 0  
9 1 0  MR I T £ I  6  t  5 )  H R , Y M , p  
STOP 
ENO
16IYTRY
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T a b le  A.
3 R 0 Q K I N G S . S . O .  AGRONAMY F I E L D , V I E N N A  L O A M , P L O r S Q 2 .  
DRY BARE » V S E J E T  8 0 7 0  » J UL Y 1 9 , 1 9 3 5  R U N 0 F F = 7 . 9 7 C M
L O l  = 0 , 5 0  L D 2 = 1 5 , 0 0  L T l  = 0 . 5 0  L T 2 » 1 9 . 5 0
K l = l 3  
PF  I  = 0 
MO 1 = 0
. 5 0  k 2 
. 5 0  P F 2  
. 2 3  u 0 2
= 1 3 . 5 0  
= 0 . 5 C  
= 0 . 2 8
K3 =  2 . 5 5  
p F 3 =  0 . 8 0  
MD3 = 0 . 0 8
K S = 1 3 . 5 0  
P F C =  5 . 0 0  
MOP = 0 . 0 3
S C *  0 . 8 1
a *  1 .0 0
SS = 0 . 1 8
RR = 1 . 5 0  
EOP= 0 . 9 0  
I N T =  0 . 0 0 KC = 1 2 • 5 0  * F  = 0 . 9 9
t i m e R A I N R AI N I N F L . I N F L . S U R F . RA IN I N T E F A C S ■RETTING CRUST
h r  mn DEPTH RATE RATE DEPTH PONO .  E X C S . PONDAGE FRONT DEPTH <CA
C“ CM/ HR CM/ HR CM CM CM CM CM CM/ HR
U  0 
RATER 
1 1 . 0 2 6
0 . 0 0
REACHED T I L L E D  LAYER T= 
1 2 . 2 9  1 2 . 2 9
1 1 . 0 1 1
0 . 3 9
F = 
0 . 0 0
0 . 1 9
0 . 0 0 0 . 0 0 1 . 2 3 1 3 . 3 3
1 1 . 0 3 3 1 2 . 2 9 1 2 . 2 9 0 . 9 1 0 . 0 0 0 . 0 0 0 . 0 0 1 . 9 6 1 3 . 0 9
11 2 
1 1 . 0 5 0
0 . 9 1
1 2 . 2 9 1 2 . 2 9 0 . 6 1 0 . 0 0 0 . 0 0 0  •  DO 2 . 1 9 1 3 . 0 1
1 1 . 0 6 7 1 2 . 2 9 1 2 . 2 9 0 . 8 2 0 . 0 0 0 . 0 0 0 . 0 0 2 . 9 1 1 2 . 7 7
11 9  
1 1 . 0 3 3
0 .  32
1 2 . 2 9 1 2 . 2 9 1 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0 3 . 6 9 1 2 . 5 9
1 1  . 1 0 0 1 2 . 2 9 1 2 . 2 9 1 . 2 2 0 . 0 0 0 . 0 0 0 . 0 0 9 . 3 7 1 2 . 3 1
11 6 
1 1 . 1 1 7
1 . 2 2
1 2 . 2 9 1 2 . 2 9 1 . 9 3 0 . 0 0 0 . 0 0 0 . 0 0 5 . 1 0 1 2 . 0 9
1 1 . 1 3 3 1 2 . 2 9 1 2 . 2 9 1 . 6 3 0 . 0 0 0 . 0 0 0 . 0 0 5 . 8 3 1 1 . 8 7
1 1 . 1 5 0 1 2 . 2 9 1 2 . 2 9 1 . 8 9 0 . 0 0 0 . 0 0 0 . 0 0 6 . 5 6 1 1 . 6 5
1 1 . 1 6 7 1 2 . 2 9 1 2 . 1 6 2 . 0 9 0 . 0 0 0 . 0 0 0 . 0 0 7 . 2 8 1 1 . 9 9
11 10  
1 1 . 1 3 3
2 . 0 9
1 2 . 2 9 1 1 . 3 6 2 . 2 9 0 . 0 1 0 . 0 0 0 . 0 0 7 . 9 9 1 1 . 2 9
1 1 . 2 0 0 1 2 . 2 9 1 1 . 5 9 2 . 9 3 0 . 0 2 0 . 0 0 0 . 0 0 6 . 6 3 1 1 . 0 3
11 12  
1 1 . 2 1 7
2 . 9 5
1 2 . 2 9 1 1 . 3 3 2 . 6 2 0 . 0 3 0 . 0 0 0 . 0 0 9 . 3 5 1 0 . 8 9
1 1 . 2 3 3 1 2 . 2 9 1 1 . 0 9 2 . 8 0 0 . 0 5 0 . 0 0 0 . 0 0 1 0 . 0 1 1 0 . 6 9
11 1 A 
1 1 . 2 5 0
2 .  3 6
1 2 . 2 9 1 0 . 3 6 2 . 9 8 0 . 0 8 0 . 0 0 0 . 0 0 1 0 . 6 6 1 0 . 9 5
1 1 . 2 6 7 1 2 - . 2 9 1 0 . 6 3 3 . 1 6 0 . 1 0 0 . 0 0 0 . 0 0 1 1 . 2 9 1 0 . 2 6
11 16  
1 1 . 2 3 3
3 . 2 6
1 2 . 2 9 1 0 . 9 2 3 . 3 9 0 . 1 3 0 . 0 0 0 . 0 0 1 1 . 9 1 1 0 . 0 5
1 1 . 3 0 0 1 2 . 2 9 1 0 . 2 1 3 . 5 1 0 . 1 7 0 . 0 0 0 . 0 0 1 2 . 5 2 9 .  90
1 1 . 3 1 7 1 2 . 2 9 1 0 . 0 1 3 . 6 7 0 . 1 8 0 . 0 2 0 . 0 0 1 3 .  12 9 . 7 2
1 1 . 3 3 3 1 2 . 2 9 9 . 8 2 3 . 3 9 0 . 1 8 0 . 0 6 0 . 0 0 1 3 . 7 0 0 . 5 5
11 2 0  
1 1 . 3 5 0
9 . 0 8
1 2 . 2 9 9 . 6 3 9 . 0 0 0 . 1 8 0 . 1 1 0 . 0 0 1 9 . 2 7 9 . 3 3
1 1 . 3 6 7 1 2 . 2 9 9 . 9 5 9 .  15 0 . 1 8 0 . 1 5 0 . 0 0 1 9 . 3 9 9 . 2 2
WATER
1 1 . 3 7 2
REACHED s u e  s c
1 2 . 2 9
I L  T = U . 3 7 2  F =  9 
9 . 2 7  9 . 2 0
. 2 0
0 . 1 3 0 . 1 7 c . o o 1 6 . 0 0 9 . 0 5
1 1 . 3 3 3 1 2 . 2 9 8 . 5 6 9 . 3 0 0 .  18 0 . 2 1 0 . 0 0 1 6 . 2 . 5 9 . 0 1
11 2 3  
1 1 . 9 0 0
9 . 6 9
1 2 . 2 9 3 . 8 2 9 . 9 5 0 . 1 3 0 . 2 7 2 . 2 9 1 7 . 2 5 3 . 3  9
U  . 9 1 7 1 2 . 2 9 8 .6 0 9 . 5 9 D.  18 0 . 3 3 9 . 2 1 1 5 . 3 1 3 . 7 9
11 2 5  
1 1 . 9 3 3
5 . 1 0
1 2 . 2 9 3 . 5 1 9 . 7 3 0 . 1 8 0 . 3 9 6 . 0 6 1 9 .  39 3 . 5 8
1 1 . 9 5 0 1 2 . 2 9 3 . 3 6 9 . 8 7 0 . 1 3 0 • 9 e 7 .  u 3 2 J .  7 = . 9 3
11 2 7  
11 . 9 6 7
5 . 5 1
1 2 . 2 9 ? • 2 2 5 . 0 1 0 . 1 3 0 . 5 2 9 .  " 2 2 1 . 5 5 3 . 2 p
1 1 . 9 3 3 1 2 . 2 9 1 . 0  7 5 . 1 9 0 . 1 6 0 . 5 9 1 1 . 1 5 2 2 . 6 2 6 . 1 9
1 1 . 5 0 0 1 2 . 2 9 7 . 9 3 5 .2 e 0 . 1 6 0 .  60 1 2 . 7 1 2 3 « c 9 5 . 0 0
1 3 0  5 . 1 2
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T I - c RAIN ft A I '4 IN FL . IN FL . SURF
HR V'l DEPTH RATE RATE OEPTH POND
C* CM/HR CM/HR CM CM
1 1 . 5  17 1 2 . 2 4 7 . 8 0 5 . 4 1 0 . 1 8
1 1 . 5 3 3  
11  3 3 6 . 5 3
1 2 . 2 4 7 . 6 6 5 . 5 3 0 . 1 8
1 1 . 5 5  3 1 2 . 2 4 7 . 5 3 5 . 6 6 0 . 1 8
1 1 . 5 6 7 1 2 . 2 * 7 . 4 0 5 . 7 3 0 . 1 8
1 1 . 5 5 3  
11 3 5 7 .  14
1 2 . 2 4 7 . 2 7 5 . 9 0 0 .  18
1 1 . 5 0 3 1 2 . 2 4 7 . 1 5 6 . 0 2 0 . 1 9
1 1 . 6 1 7 1 2 . 2 4 7 . 0 3 6 .  14 0 . 1 8
l l . o 3 3  
11 3 9 7 . 7 5
1 2 . 2 4 6 . 9 1 6 . 2 6 0 .  18
1 1 . 6 5 0 1 2 . 2 4 6 . 7 9 6 . 3 7 0 . 1 8
1 1 . 6 6 7  
1 1  <iO 9 . 1 6
1 2 . 2 4 6 . 6 8 6 . 4 8 0 . 1 8
1 1 . 6 6 3 1 2 . 2 4 6 .  5 6 6 . 5 9 0 . 1 3
1 1 . 7 0 0 1 2 . 2 4 6 . 4 5 6 . 7 0 0 . 1 8
1 1 . 7 1 7 1 2 . 2 4 6 . 3 5 6 . 3 0 0 . 1 8
1 1 . 7 3 3  
11 4 4 9 . 9 6
1 2 . 2 * 6 . 2 4 6 . 9 1 0 . 1 9
1 1 . 7 5 0 1 2 . 2 4 6 . 1 4 7 . 0 1 0 . 1 8
1 1 . 7 6 7  
11 4 6 9 . 3 8
1 2 . 2 4 6 . 0 3 7 . 1 1 0 . 1 8
1 1 . 7 9 3 1 2 . 2 4 5 . 9 4 7 . 2 1 0 . 1 3
1 1 . 5 0 3 1 2 . 2 4 5 . 8 4 7 . 3 1 0 . 1 8
1 1 . 3 1 7 1 2 . 2 4 5 . 7 4 7 . 4 0 0 . 1 3
1 1 . 3 3 3  
11 5 0 1 0 . 2 0
1 2 . 2 4 5 . 6 5 7 . 5 0 0 . 1 8
1 1 . 3 5 0 1 2 . 3 0 5 . 5 6 7 . 5 9 0  . ' 1 8
1 1 . 8 6 7 1 2 . 3 0 5 . 4 6 7 . 6 3 0 . 1 9
11 . 3 8 3 1 2 . 3 0 5 . 3 8 7 .  77 0 . 1 8
1 1 . 9 0 0  
U  5 4 1 1 . 0 2
1 2 . 3 0 5 . 2 9 7 . 8 6 0 . 1 3
1 1 . 9 1 7 1 2 . 0 0 5 . 2 0 7 . 9 4 0 . 1 3
1 1 . 9 3 3  
11 5 6 1 1 . 4 2
1 2 . 0 0 5 . 1 2 3 . 0 3 o . i a
1 1 . 9 5 0 1 2 . 2 0 5 . 0 4 3 . 1 1 0 . 1 8
1 1 . 9 6 7 1 2 . 3 0 4 . 5 o 3 . 2 0 0 . 1 8
11 . 9 9 3 1 2 . 3 0 4 . 8 3 3 . 2 8 0 .  18
1 2 . 0 0 0  
1 2  0 1 2 . 2 4
1 2 . 3 0 4 . 8  1 3 . 3 6 0 . 1 8
1 2 . 0 1 7 1 2 . 3 0 4 . 7 3 3 .  4 4 0 . 1 8
1 2 . 0 3 3  
12 2 1 2 . o 5
1 2 .  20 4  .  6 6 3 . 5 1 0 . 1 3
1 2 . 0 5 0 1 2 .  30 4 . 5 3 3 . 5 9 0 . 1 3
1 2 . 0 6  7 
12 6 1 3 . 0 6
1 2 . 3 0 4 . 5 1 3 . 6 7 0 .  13
RA IN INTERFACE WETTING CRUS
e x e s . PONOAGE FRONT OEPTH KCA
C“ CM CM CM/H
0 . 7 4 1 4 . 2 2 2 4 . 7 5 7 . 3 6
0 . 8 1 1 4 . 5 0 2 5 . 7 9 7 . 7 3
o . e 9 1 4 . 5 0 2 6 . 3 0 7 . 5 9
0 . 9 7 1 4 . 5 0 2 7 . 7 7 7 .  6 6
1 . 0 6 1 4 . 5 0 2 8 . 7 2 7 .  34
1 . 1 4 1 4 . 5 0 2 9 . 6 5 7 . 2 1
1 . 2 3 1 4 . 5 0 3 0 . 5 5 7 . 0 9
1 . 3 2 1 4 . 5 0 3 1 . 4 4 6 . 9 7
1 . 4 1 1 4 . 5 0 3 2 . 3 1 6 . 3 5
1 . 5 0 L 4 . 5 0 3 3 .  17 6 . 7 3
1 . 5 9 1 4 . 5 0 3 4 . 0 1 6 . 6 2
1 . 6 9 1 4 . 5 0 3 4 . 3 4 6 . 5 1
1 . 7 9 1 4 . 5 0 3 5 . 6 7 6 . 4 0
1 . 8 9 1 4 . 5 0 3 6 . 4 8 6 . 2 9
1 . 9 9 1 4 . 5 0 3 7 . 2 8 6 . 1 9
2 . 0 9 1 4 . 5 0 3 8 . 0 7 6 . 0 9
2 . 2 0 1 4 . 5 0 3 8 . 8 6 5 . 9 9
2 . 3 1 1 4 . 5 0 3 9 . 6 4 5 . 8 9
2 . 4 1 1 4 . 5 0 4 0 . 4 1 5 . 7 9
2 . 5 2 1 4 . 5 0 4 1 . 1 8 5 . 6 9
2 . 6 4 1 4 . 5 0 4 1 . 9 3 5 . 6 0
2 . 7 5 1 4 .  5 0 4 2 . 6 9 5 . 5 1
2 . 3 7 1 4 . 5 0 4 3 . 4 4 5 . 4 2
2 . 9  a 1 4 . 5 0 4 4 .  1 3 5 . 3 3
3 .  10 1 4 . 5 0 4 4 . 9 2 5 . 2 5
3 . 2  1 1 4 . 5 0 4 5 . 6 5 5 . 1 6
3 . 3 3 1 4 . 5 0 4 6 . 3 8 5 . 0 . 3
3 . 4 5 1 4 . 5 0 4 7 . 1 0 5 . 0 0
3 . 5 c 1A .  5 0 6 7 . 3 2 4 . 9 2
3 . 7 0 1 4 . 5 0 4 8 . 5 4 4 . 3 4
3 . - 3 1 4 . 3 0 4 9 . 2 5 6 .  7 T
3 . 9 6 1 4 . S Q * 9 . 9 6 * . 6 9
4  .  0 4 1 4 . 5 0 5 0 . 6 7 6 . 0 2
4 . 2 1 1 6 . 5 0 5 1 . 3 7 6 . 5 5
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T ab le  A l.
F I N A L  I N F I L T R A T I O N  RATE AS F UNCTI ON OF K I N E T I C  ENERGY
AN AL Y S I S  OF VARI ANCE
SOURCE
MOOEL 
ERROR 
C TOTAL
OF
I
15
16
ROOT MSE 
DEP MEAN 
C . V .
SUM OF 
SQUARES
1 4 5 1 . 5 6 2 7 1
3 5 8 . 2 0 1 9 9
1 8 0 9 . 7 6 4 7 1
4 . 8 8 6 7 3
3 5 . 8 8 2 3 5
1 3 . 6 1 8 7 6
MEAN
SQUARE
1 4 5 1 . 5 6 2 7 1
2 3 . 8 8 0 1 3 2 7 3
R-SQUARE  
A0 J R- SQ
VARI ABLE OF
I NTERCEP
KE
PARAMETER
ESTI MATE
5 7 . 5 4 9 7 3 4 8 7
- 1 . 4 3 4 3 6 7 1 8
PARAMETER EST I MAT ES
STANDAP D 
ERROR
3 . 0 2 1 2 9 2 3 8  
0 .  1 8 3 9 7 5 8 5
F VALUE 
6 0 . 7 8 5
0 .  802  1 
0 . 7 8 8 9
T FOP HO:  
PARAMETERS
1 9 . 0 4 8
- 7 . 7 9 6
P P 0  B > F 
0 . 0 0 0 1
p r o s  ;
0 .
0 .
I T I
0 0 0 1
0 0 0 1
115
116
•a(U3a•H•UaocJ
<U
a)
pHJ3cOH
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T ab le A1 (c o n tin u e d )
F I N A L  I N F I L T R A T I O N  RATE AS F UNCTI ON OF K I N E T I C  ENERGY
A NAL YSI S  OF VARI ANCE PROCEOURE
DUNCAN' S M U L T I P L E  RANGE TEST FOR V A R I A B L E :  F I N A L  
NOTE:  T H I S  TEST CONTROLS THE TYPE I  C O M P A R I S O N S S E  ERROR RATE.  
NOT THE E X P E R I ME N T w I S E  ERROR RATE
ALPHA = n . 0 5  DF= 12 M S E = 2 5 . 2 8 0 6
WARNING:  CELL S I Z E S  ARE NOT EQUAL.
HARMUNI C MEAN OF CELL S I Z E S = 3 . 0 9 2 7 8
NUMBER OF MFANS 2 3 A 5
C R I T I C A L  RANGE 3 . 7 9 2 7 2  9 . 2 1 0 6 8  9 . 4 9 0 0 2  9 . 6 3 6 3 9
MEANS WI TH THE SAME LETTER ARE NOT S I G N I F I C A N T L Y  D I F F E R E N T .
GROUPI NG MEAN N KE
A 51 . 5 0 0 2 7 . 2
A
if A 4 4 . 6 6 7 3 8 . 2
B
B 3 8 . 4 0 0 5 1 2 . 4
C 2 9 . 0 0 0 3 1 9 . 4
C
C 2 3 . 5 0 0 4 2 4 . 4
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T ab le  A2 ( c o n t in u e d )
TI ME TO RUNOFF
ANAL YSI S  OF VARI ANCE PROCEDURE
DUNCAN' S M U L T I P L E  RANGE TEST FOP V A R I A B L E :  T I ME  
NOTE:  T H I S  T ES T  CONTROLS THE TYPE I COMPARI SONWI SE ERROR RATEt  
NOT THE EXPER I MENTWI SE ERROR RATE
AL PHA = 0 • 0 5  Dp =1 I  M S E = 2 . 8 4 6 0 6
WARNI NG:  CELL S U E S  APE NOT EQUAL.
HARMONIC MEAN OF CELL S I ZES = 3 . 2 4 3 2 4
NUMBER OF MEANS 2 3 4
C R I T I C A L  RANGE 2 . 9 1 0 3 4  3 . 0 4 6 4 7  3 . 1 3 5 9 3
MEANS WI TH THE SAME LETTER ARE NOT S I G N I F I C A N T L Y  D I F F E R E N T .
DUNCAN GROUPINGN MEAN N KE
A 1 0 . 0 0 0 2 7 . 2A
A 9 . 0 0 0 5 1 2 . 4A
A 8 . 4 6 7 3 1 9 . 4AA 7 . 3 0 0 5 2 4 . 4
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T ab le  A3 ( c o n t in u e d ) :
T I ME TO I N F I L T R A T E  5 0  MR. OF WATER
AN AL Y SI S  OF VARI ANCE PROCEDURE
DUNCAN' S M U L T I P L E  RANGE TEST FOR V A R I A B L E :  T I ME  
NOTE:  T H I S  TEST CONTROLS THE TYPE I  CDMPARI SGNWI SE ERROR RATEt  
NOT THE EX PE RI ME NT WI S E  ERROR RATE
ALPHA = 0 . 0 5  OF = 17 M S E = 4 3 . 0 e 0 b
WARNING:  CELL S I Z E S  ARE NOT EQUAL.
HARMONIC MEAN OF CELL S I Z C S = 3 . 3  I  5 7 9
NUMBER OF MEANS 2 3 . A 5 6
C R I T I C A L  RANGE 1 1 . 3 4 3 6  1 1 . 9 0 6 1  1 2 . 2 9 4 2  1 2 . 5 1 3 1  1 2 . 6 8 3 3
MEANS WI TH THE SAME LETTER ARE NOT S I G N I F I C A N T L Y  D I F F E R E N T  •
GROUPI NG MEAN N KE
A 7 2 . 2 5 0 4 2 4 . 4
B 5 1 .  133 3 1 9 . 4
C 3 5 . 4 2 9 7 1 2 . 4
C
0 C 2 8 . 0 0 0 3 8 . 2
D C
D C 2 5 . 0 0 0 2 7 . 2
D
D 2 1 . 0 0 0 4 0
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INFILTRATION RATE VS TIME
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INFILTRATION RATE VS TIME
V I EN N A  LOAM 
DRY AND WET BARE PLOT # 2 2
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INFILTRATION RATE VS TIME
V I E N N A  LOAM
DRY AND WET BARE PLOT # 7
o o o  D R Y - A C T • 
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WET-PRED
— |-  
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40
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5 0
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— r  
8 0
T I M E  . MI NUTES
F I GU R E  A2.MEASURED AND E S T I MAT E D  I N F I L T R A T I O N  RATE AS A FUNCTI ON  
OF T I M E  FOR THE K I N E T I C  ENERGY OF 8 - 2  J / M 2 - M M .
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